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ABSTRACT

Two composite solid propellant combustion experi-

ments aimed at further elucidation of combustion mechanism are reported;

one deals with burning surface photomacroscopy, the other, with low

pressure combustion and oxidizer particle size influences on it.

The first investigation involved photography of the surfaces

of 1/4 inch square polysulfide-ammonium perchlorate (unmetallized) pro-

pellant strands during combustion in a coaxially-flowing nitrogen en-

vironment. Intense electronic flash illumination was used to render

the luminosity of the flame photographicaliy negligible, and the exter-

nally-lighted surface was thereby viewed obliquely through the propellant

flame zone at up to seven times magnification. Apparatus is described

in detail, and an appendix of first-order analytical studies of the

resolution-"depth-of-field" tiade-off i~i photomacroscopic systems is

included. Useful combustion pressures for high resolution surface

photography of burning strands were found to be limited to less than

about 500 psig. due to increasing ca-bon continuum radiation and tia( image-

degrading temperature inhomogeneities of the flame zot at higher

pressures. Observations on polybutadivne-acrylic acid-ammonium perchlorate

and polyester-ammonium perchlorate propellants indicated an even lower

pressure limit on high resolution burning surface photomacrography.

Results include single frame black-and-white photographs displaying

the combustion of the large oxidizer particles of a bimodal blend

V
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within crater-like surface depressions and cloud-like haze patches over

some individual large oxidizer particles. Liquid-phase agglomerates

were also photographed when potassium perchlorate was substituted for

ammonium perchlorate in the polysulfide propellant.

The second investigation deajl with the dependence of the sub-

atmospheric pressure burning rates of 1/4 inch square strands of ammonium

perchlorate (polybutadiene-acrylic acid and polysulfide, unmetallized)

propellants on pressure and oxidizer particle size. An apparatus pro-

viding for burning rate determination by sequence photography of the

strands burning in an essentially stagnant nitrogen environment is

detailed, and burning rate versus pressure results are reported for two

propellants containing narrow, unimodal oxidizer cuts with mean particle

sizes of 13 and 165 microns. On the basis of these and the earlier data

of Bastress, it is suggested that mass diffusion may be an insufficient

basis for an explanation of particle size effects in composite propellant

combustion and that current analytical formulations of mass diffusion

concepts are not supported by the observed trends of burning rate data

at low pressures. Several possible alternatives to mass diffusion expla-

nations of particle size effects are mentioned and include locally unsteady

burning and the particle size dependence of ammonium perchlorate thermal

decomposition. In the light of this study using a nearly-stagnant environ-

ment a different apparatus arrangement providing a coaxial purge-flow

er•,o imvent uas judged necessary for low pressure flame spectroscopy or

surface photography because of optical interference by the vhite

*moke ;ypically produced during low pressure combustion.

vii



CHAPTEP I

INTRODUCT ION

In the midst of a large body of publishea experimental data

on the many aspects of the combustion of composite solid propellants

appears a r- siderable discussion and presentation of theories regard-

ing the steaay-state combustion mechanism of these propellants. 'Several

reviews have been directed at surveying the status both of these com-

bustion mechanism theories and of the associated experimental results

bearing upon them (5) (6) (7)*. While it is not the aim of this thesis

to deal directly and in detail with these various hypotheses of burning

mechanism, nonetheless, some mention of them serves to clarify the

aspects of combustion mechanism dealt with herein. Not considered here

are the several propellant theories involving homogeneous propellant

models despite possible and suggested application of these theories (35)

to composite propellants with either so-called "inert" binders or those

with separately-reactive binders.

Current theories of solid propellant combustion mechanism

deal almost exclusively with the prediction of the propellant burning

rate (linear regression rate of the burning surface) as a function of

combustion p-.ssure. The ballistic implications of such a relation between

mass rate of combustion and chamber pressure are well known (8) (34) (36).

The various heterogeneous propellant burning rate theories deal

ritu several important physic&l processes and combine these within the

following phei.omet-ological view of the rcomburtion process: Gas-phase

*Numbers in parentheses refer to references listed on page 74
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reaction of fuel and oxidizer initially unmixed and streaming separately

from the burning surface serves as a source for heat feedback to the

surface; this heat feedback provides energy to support gasification

and any endothermic reaction in the solid phase and at the surface.

The heat feedback also serves to raise the propellant from its initial

sensible enthalpy level to a higher level corresponding to the higher

temperature of the burning surface.

In the sense that heat transfer is presumed to be the mechanism

of flame propagation into the solid, the various composite propellant

burning theories are so-called "thermal 'heories" of flame propagation.

In the sense that heat release through gas phase reaction is assumed

to depend upon mixing of gaseous reactants (which are initially unmixed

at the burning surface), the theories are largely for so-called "diffusion

flames" either controlled by the rates of mass diffusion transverse

to the burning surface (as contrasted to control by chemical reaction

rates) or at least strongly influenced by such diffusion rates. The

solc exception to this is the oxidizer-decomposition-controlled model

of Chaiken's theory (2).

In the face of the obvious difficulties and complexities

encountered in any attempt at complete analytical description of the

composite propellant combustion zone, current burning rate theories

deal with postulates of simplified, controlling processes, i.e., heat

feedback by conduction only (either quasi-one-dimensional (1) (4),

I
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two-dimensional (3), or three-dimensional (2))with either gasification

and diffusion controlling (1), chemical kinetics controlling (2), or

a combination of chemical kinetics and diffusion (4) controlling heat

release.

Analytical treatments in current composite propellant theories

typically deal with gas phase processes via the equation of energy

conservation in a convective f!ow field. Expressions for burning rates

as functions of pressure particle size, flamc temperature, etc. are

determined either by use of an integrated energy equation form wherein

energy conservation at the plane of the burning surface is expressed in

in terms of mass flux, surface and flame temperatures, and flame stand-off

distance from the surface (1)(2)(4) or by actual integration of the

appropriate differential equation f3r energy conservation in a flow

field with given temperature and composition boundary conditions both

at the surface and downstream at infinity (3). In all cases the dimensional

scale of solid phase inhomogeneity (say, mean oxidizer particle size)

is introduced into the energy -quation formulations. Typically, this

scale of inhomogeneity is related to flame stand-off distance from the

surface (quasi-one-dimensional, concentrated flame zones) or, in more

general terms (for non-concentrated, multi-dimensional fiame zones),

to the characteristic physical scale of the gas phase temperature profile.

This relation is typically the result of considering either diffusion

resulting from gas phase composition heterogeneity (1)(3)(4) or

Si
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burning surface configuration (2)(3). Inherent in all treatments

is the modeling of the burning surface in some simple manner which is

not justifiable a priori but is only supportable in the light of

experimental observations. Further, in all cases, the burning surface

temperature enters the energy equation either as a constant or as a

dependent variable determined by simultaneous solution of the energy

conservation equation and pyrolysis rate expressions* for burning

surface gasification rate.

One quickly observes in the light of the preceding comments

that, at least in conjunction with extant theories (and probably in

any theory of composite propellant combustion which is to account for

propellant heterogeneity effects on burning rate), two aspects of the

combustion process are of particularly profound importance. These are

the physical and chemical nature of the burning surface and the physics

of the gas phase mixing process.

The importance of the burning surface and consequently of at

least a partial knowledge of its nature in composite propellant combus-

tion is apparent. Physically, its importance is that of a reactive phase

interface with composition inhomogeneity which forces gas mixing prior

to reaction in the gas phase. Further, the burning surface represents

an obvious physical boundary in the midst of the zone affected by com-

bustion. The composition discontinuity across the surface determines

* These rate expressions have generally been of the Arrhenius

form.



(both chemically and physically) the nature of the reactant inputs

to the gas phase flame. Mathematically, the burning surface is of

obvious import as a boundary of the presumed major reactive region

(the gas phase). In any differential treatment of the gas phase state

the surface must be specified as a boundary condition in terms of

transverse temperature and/or composition profiles and gradients. Like-

wise, integral treatments of the propellant flame must include specifica-

tion of at least thermal gradients at the surface and mass flow from

the surface in order to treat energy and overall mass conservation in

the flame zone.

Similar to the burning surface, the subject of the gas phase

mixing of iuel and oxidizer has a justifiably essential place in current

theories of composite propellant combustion. Visual and photographic

observation of the combustion of such propellants (at any but #he lowest

combustion pressures) has indicated inhomogeneity in the gas phase (see,

for example, references (13)(14)(16)(l"')(24)(25)(37)(38)(46)). The impli-

cations of this inhomogeniety on reactive heat release and consequent

thermal flame propagation as described above are obvious. Experimental

burning rate measurements indicate oxidizer particle size effects which

also suggest mixing influences. Mathematically, inhomogeneity in the gas

phase reactive region necessitates the introduction of two or three

dimensional mass diffusion formulations into either differential or

integral treatments of the composite propella-,t combustion situation.
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As might, therefore, be expected, the various characterizations of

gas phase mass diffusion effects in composite solid propellaný combus-

tion mechanism theories are quite diverse.

This thesis describes two researches into the nature of: first,

the b:zrning surface, ana second, the effects of inhomogeneities on composite

solid propellant combustion. It deals with the development of a photo-

graphic research tool for gaining needed insigl,tL into the nature of

the composite propellant burning surface and with some results of the

use of this technique. Further, it describes burning rate measurements

on composite propellants burning at low pressures which constit-te an

extension of previous researches into diffusive influences on composite

propellant combustion. These two aspects of the overall combustion

picture are dealt with separately in the following two chapters and

experimental results are presented for each case. These results,

while not comprehensive, do serve to establish clearly the feasibility

of meaningful photographic studies of the propellant burning surface

and to promote a more careful consideration of diffusive influences in

composite propellant combustion.
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CHAPTER II

COMPOSITE SOLID PROPELLANT BURNING SURFACE PHOTOGRAPHY

A, Background

There are a number of interesting aspects of the nature of a

solid propellant burning surface with respect to combustion mechanism

and burning rate theories. Insight into some of these various aspects

is co be expected from reasonably-high-resolution photographic studies

oL the surface.

Surface shape has been involved both in mathematical characteriza-

tions of the surface, e.g., the "two-temperature" surface of the Nechbar

"sandwich" model (3), and also in attempts at qualitative description

of burning rate details, e.g., the surface "waviness" observed by

Bastress and postulated by himh to relate to particle-size-induced

plateau burning effects (9).

Questions of phase of the surface material arise with some

oxidizers and fuels, e.g., KC10 4 oxidizer or polyurethane fuel (10).

These question t-late to such matters as physical mixing of reactants

before gasification and change in gas phase scale of inhomogeneity due

to material agglomeration at the surface.

Further, the actions and effects of numerous propellant

additives including catalysts and metal particles have been either

observed or postulated to depend on surface phenomena. For example

such effects as protrusion from surface into flame zone (11)(40) and

surface agglomeration of fine metal particles (12)(17) are of

Si



considerable interest and are amenable to investigation by burning

surface photography. Other interesting aspects of the burning surface

include the intermittent and unsteady combustion of discrete oxidizer

particles and the physical appearance of the surface as evidence of

sub-surface reaction in the solid phase. From these numerous and interest-

ing considerations, one is, therefore, led to investigate the possibility

of applying photographic techniques to observations of the propellant

burning surface.

While considerable previous work involving photog- phy of

burning solid propellant and of extinguished solid propellant surfaces

has been reported, up to this time little concerted effort has apparently

been made to observe the burning surface itself during combustion.

Such work as has been reported involves one of three approaches, i.e.,

such low resolution surface observation as is possible via flame illumination

itself (10), profile observation via backlighting of very thin propellant

strands (13), or relatively low resolution photography of surfaces via

external artificial light sources (10). Without exception previous

efforts have had serious limitations due to the abnormality of the

burning situation in which surface observations are made.

In those cases where flame luminosity serves as the light

source for surface photography, it is generally difficult to observe

the surface except near an edge of the burning sample. Likewise,

,1i
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observations on very thin propellant samples force observations on the

sample edge where combustion may be quite abnormal as compared with

the central portion of a large sample. Edge effects as indicated, for

example, by the dependence of burning rates (measured by combustion

of small strands of propellant) on sample size (14) can be important

in distorting the combustion process by various means such as heat

loss from the solid phase, mixing of ambient gases with the flame zone

immediately above the propellant sample, etc. Thus, both surface

observation by self illumination and by profile views of thin samples

have a serious drawback in leaving the observer uncertain of how

well his observations really characterize the surface of a normally-

burning propellant sample.

Past efforts aL photography of burning propellant surface via

artificial light sources likewise raise serious questions regarding

validity of the observations made. To date, in each situation where

artificial illumination was provided for photographic observation,

the continuous light sources used were of such intensity as to

allow ignition of the nropellant sample solely by the radiant energy

flux of this illumination (10) (15). Clearly, the radiant energy

influx inherent in such illumination affects Lhe combustion process and

the burning surface structure to an indeterm'.nant extent. This fact

must cast serious doubts on surface observations mado under such

circumstances.
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Further comments on previous attempts at burning surface

photography may be made with respect to the resolution of surface

detail. Previous efforts may be roughly classified into two types:

those involving relatively low magnification (up to about two times)

with relatively large depth-of-field (10)(12)(15)(17) and those

involving relatively high magnification (from ten times to twenty times)

and small depth-of-field (13)(16). No previous work of this sort at

intermediate magnifications, say, three to ten times is known.

The first of these types of past photographic effort has the

disadvan-.ge of yielding observations on only grossest structure of

the burning surface to an extent that will be made clearer in later

portions of this thesis. Though gross features are of interest with

respect to some aspects of surface phenomena, e.g., metal additive

agglomeration, it is certainly desirable to attain higher resolution

for study of other aspects, e.g., oxidizer-fuel surface configuration.

The second type of photographic studies (high magnification,

low depth-of-field), while providing greater resolution of detail,

suffers from decreased depth-of-field such that frequently only regions

with dimensions of the same order of magnitude as a typical oxidizer

particle size are"in-focuie Further, it is this second type which

typically has the thin sample edge effect uncertainty described above.

Thus, it is appropriate to seek to develop a better photographic
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system for burning surface photography not only because of the previously-

described effects of sample configuration and artifical illumination,

but also because of resolution vs. depth-of-field considerations.

B. Experimental Program

1. Approach

The basic concept from which the research program

described in this chapter grew is that of photographically viewing

the burniag surface using an artifical light source for illumination.

This light source should be of such intensity that the photographic

effect of flame illumination is negligible under the photographic

exposure conditions used. This concept also included a ccnfiguration

minimizing the possiblity of observations of uncertain validity

because of edge effects and light source radiant enery effects.

2. Concept Feasibilit1

To evaluate the feasibility of the photographic technique,

an experiment was carried out in which strands of solid propellant

were photographed while burning at atmcspheric pressure in a stream

of nitrogen gas. The experimental arrangement is depicted in

Figure 1.

For this preliminary experiment, existing equipment

was usel which limited the magnification on the film to five times

actual size. The camera used was a 35 m. single lens relfex

I
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equipped with an apochromatic f/1.8 lens and extension tubes.

Figure 2 is a photograph of a typical composite propellant contain-

ing a relatively coarse ammonium perchlorate oxidizer and was

taken with the apparatus of Figurrý 1. While Figure 2 and other

similar photographs constituted oki.Ij a preliminary test of the concept,

it was apparent that the depth of field and spatial resolution

obtainable offered encouragement for further efforts.

Placement of an electronic flash gun sufficiently

close to the burning strand made ample light intensity available,

even though the nominal aperture setting was the largest possible

with the apparatus used (f/22). The use of an electronic flash

as the sourc of illumination had the added advantage of limiting

the exposure time to about 1/1000th second, thus providing time

resolution of the moving burving surface similar in order of

magnitude to the spatial resolution sought.

On the strength of successful photographs such as thaL

of Figure 2, the following experimental program to allow surface

photography at higher resolution and over an appreciable range of

combustion pressures was initiated.

3. Apparatus

Since the relation between combustion chamber pressure

and propellant burning rtLe is a major interest in composit,
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solid propellant combustion, burning surface observations at different

pressures are desirable. Te this end, a pressure vessel and compatible

optical system were required.

a. Optical Strand Burner

The following pressure vessel specifications allowing

comprehensive burning surface photography were considered in

selecting the optical 3trand burner:

1. Pressure range from sub- or at least atmospheric

to approximately 2000 •sia.

2. Provision for ignition of the propellant inside

the pressure vessel.

3. Optical windows appropriate to both photography

and auxiliary lighting requirements, e.g., an

oblique or normal view of the burning surface

itself was required rather thdn merely a profile

view.

In crder to eliminate the need for applying a restrictive

coating to the propellant sides (which would obscure the view

of the burning surface), a continuously-purging chimney-type

propellant strand burner selected for this investigation.

The burner used was a modification of an existent

propellant strand burner equipped with slot windows in the

I
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axial direction. The primary burner modification required

was provision for an inner chimney to allow more uniform gas

flow past the burning propellant and assure ease in cleaning

optical surface3 open to possible soiling by combustion products.

The slot ui .,ov of the burner Provided a range of directions from

which to supply auxiliary photographic lighting to the strand

surface. However, because of the chick windows required for

high pressure c,,atainment, attempts to view the strand via an

optical path oblique to the window surfaces suffered from excessive

distortion in photc~,raphic image quality (particularly consider-

ing the high level in rcsolution desired in this study). Con-

sequently, a novel technique for igniting the propellant strand

was developed. This technique forced the propellant surface to

burn at an angle to the bomb windows and to the optical axis of

the photographic system. Since the burning surface tended to

direct itself during the combustion process toward a plane normal

to the axis of the strands, the surface was viewed shortly

after ignition (long enough after ignition, however, to

assure the end of ignition transients causing variation in the

shape of the burning surface).

The original strand burner arrangement provided for

purge gas inlet at the bottom of the burner but this was found

to produce an ejector effect which lowered the pressure
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between the inner chimney and burner pressure body. This

pressure decrease promoted a slight leakage of product gases

from inside the inner chimney to the annular region between

it and the pressure windows. Leakage resulted in a deposition

of soot and smoke on the inner surfaces of the pressure windows.

In the final arrangement as illustrated in Figures 3 and 4, gas

was introduced at the top of the burner and forced to flow !

down through. the annular passage thereby precluding such leakage.

b. Optical System

1. "Depth-of-Field" Versus 'Resolution'

Preliminary, photographic studies (see page 11)

indicated "depth-of-field' to be a major influence on -he

apparent usefulness of burning surface photographs. That

is to say, visual observation of projected color trans-

pe-encies and enlargements of black-and-white negatives

sh•#ed only a narrow region of the obliquely-viewed

propellant surface in any detail. Clearly, this effect

had to be accounted for in attempting rational optical

1. This, of course, only reflects what photographers know well, i.e., that
wh, je i.he detail ultimately observable through enlargement of a photograph
of a planar object (located at a photographic sysLems plane of perfect focus)
dependb solely on the quality of the film, lense, etc., detail in the photo-
graphic image of a non-planar object (of finite depth) is als, influenced by
the geometrics of optical image formation. Thus, the image of every point -

of .n object is not, even for "perfect' optical systems, a point but
rather a finite area. The visual effect of this area is attributed (if
the human eye can resolve the finite dimensions of -'e area) to the
subject puint's being "out-of-focus".

------------------------------------

S. ... ...... . .. p ..
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system design for the given instrumentation problem. Thus

it was obviously not sufficient that the photographic optical

system be fabricated from components capable of resolving

small detail only at the geometrical plane of perfect focus.

It was required further that the resultant object depth over

which such a detail wa "in focus" had to exceed the actual

dimcnsions.

Rather than consider "depth-of-field" in the classical

photographic sense, it appeared jrational to consider resolution"

as the combined result of both geometric ("depth-of-field")

effects and non-geometric (diffraction, optical aberration,

film grain, etc.) effects. Such treatment was expected to sub-

stitute for the classic calculated "depth-of-field" values a

functional relationship between resolved detail and displace-

ment from the plane of perfect focus. This result would

be in contrast to the typical photographer's definition of

"depth-of-field" as that single object displacement from the

plane of perfect focus which results in an arbitrary resolved

detail scale (with actual numerical values dependent on sub-

jective factors e.g., degree of photographic enlargement, resolving

power of the human eye, perspective, etc.).

c. Detailed Description of Nitrogen Purge System

Nitrogen purge gas was supplied to the optical

strand burner by the same pressurizing system used in previous
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studies at this laboratory (see References (9), (26)). The

control panel for the nitrogen flow is shown in Figure 5

For the purposes of this study, nitrogen purge gas

for the optical strand burner was routed through the temperature

conditioning coil of another strand burner before being admit-

ted to the optical strand burner. This arrangement was required

for two reasons, both due to the high nitrogen supply pressure

(2000 psig.) at the control panel. In being throttled at the

control panel from a high supply pressure to the lower pressures

used in this study, the purge gas was found to be cooled sub-

stantially. This cooling caused, first, difficulty due to con-

densation of moisture on the interior window surfaces of the

burner when the cooled burner interior was opened to the atmov0

phere after one firing and in preparation for the next. Further,

it was felt that a cold purge flow environment might possibly

result in lack of reproducibility of burning due to the varying

times of strand exposure to the cold purge flow during normal

burner operation. Hence, the conditioning coil was inserted

into the nitrogen supply system.

Temperature conditioning of the nLiogen purge gas

was accomplished by electrical heating of the nL.rogen supply

conditioning coil via a circulating hot water both. The coil

was found to be long enough that nitrogen emerging from it was

essentially at the surrounding water bath temperature (which

t was thermostatically controlled at 70°F.). This fact was

Sestablished for the range of flou3 actually used in this study

-- .I-
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by immersion of a thermocouple in the gas flow between the con-

ditioning coil outlet and the optical strand burner inlet.

2. Optical System Analysis and Results

A simplified analysis of a single lense photographic

system was carried out in order to determine: the minimum scale

of resolved object detail (d m) as a function of primary optical

system magnification (M), combined film and optical system

scale of resolution (Uol), effective F-stop (F)l, and objector.

displacement from the plane of perfect focus (D). The analysis

was aimed at determining the maximum object displacement (D)

from the plane of perfect focus for which object detail of

scale d might be expected Lo be recorded on the film. Inm

classical photographic terms, this corresponds to finding the

functional relationship between "depth-of-field" and "circle-of-

confusion" where this "circle-of-confusion" results from both

geometrical and non-geometrical effects (and is considered a

variable) and where 2D corresponds to a pseudo-"depth-of-field".

Two facts are apparent from the results of the analysis

which is described in detail with typical numerical values in

Appendix A. First, it is-,;lear that below a certain dimensional

object scale a major loss in the amount of surface viewed in

detail is the penalty paid for a high resolution requirement.

This fact is empirically apparent qualitatively to anyone who

has used a mictoscope. Second,it must be noted that a fundamentalI

IEffective F-StopVFT(H+l)Fnom., where Fnom;Nominal F-Stop of lense.

i '4
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limitation exists in that, within the range of d reasonablym

associated with small oxidizer particles (say, d W 10 to 30m

microns), the distance over which such resolution is possible

(2D) may easily be of the same order as dm itself.

3. Optical System Details

In the light of the factors discussed above and

associated calculations, the optical system shown schematically

in Figure 5 was constructed. Basicrlly the optical system

consisted of a 4" x 5" view camera body with two 2" diameter

black felt-lined extension tubes of 16" and 30" lengths as well
1

as appropriate lens, shutter, and film-holding adapters . The

complete assembly was mounted on an optical bench and directed

at the propellant strand burner as indicated in the figure.

The lens used was an enlarging lens of 100 on. focal

length with diaphragm aperture openings nominally between f/5.6

and f/45. This quality enlarging lens was chosen because of

its correction for non-infinite object distance, and it was

mounted in revkirse to insure operation close to its design

2
conditions2. Its 100 mm. focal length 4au chosen to suit the

1. Though the apparatus was built with a-capability for burning surface
cinemacrography, motion pictures were not attempted in this study.

2. Righer quality, so-called "process" lenses vith correction for non-
infinite object distance are commercially available. These lenses
are, however, typically designed for use at quite low magnification
(frequently unit maAnificttion). It'vas, therefore, felt that an
enlarging lens (typically designed for magnifications in the range
desired) probably offered a better alternative lens choice.

.. .j _
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range of magnifications desired and the access available to the

optical strand burner (nearest approach approximately 4 1/2

inches). An iris shutter with synchronization for electronic

flash up to shutter speeds of 1/500 sec. was mounted behind

the lens. Electronic flash synchronization at high shutter

speeds was required in order to minimize flame radiation

photographic effects while still allowing photographic observa-

tion of the burning surface via electronic flash lighting.

The 4" X 5" camera body with bellows and interchangeable

extension tubes provided ease of focussing and an appreciable

range of possible magnifications. It further allowed use of

diverse film emulsions and formats via interchangeable sheet

film holders, a Polaroid film back, and a 35 mm. single

lens reflex camera body mounted on an adapter plate. Focussing

was accomplished using either the 35 mm. reflex camera body

viewing system or a ground glass screen mounted in the image

plane.

c. Photographic Light Source

" Careful consideration was given to the problem of

choosing a light source L- supply the necessary level of illumdna-

tion to the strand surface and allow photographs of the burning

surface to be taken through the propellant flame. Major initial

!Ii
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concerns were the short exposure times required to render burning

surface motion negligible during exposure and the high levels

of illumination required to render flame emission photographically

negligible.

For a propellant burning rate of 1 inch/second

(high combustion pressure), calculations show that exposure times

of the order of 100 wicro,ec. are necessary to stop motion of the

burning surface effectively at %X to IOX magnification. Shorter

exposure times than this are readily obtained with spark and electronic

flash tube sources. Exposure time was, therefore, not deemed to

represent a major obstacle to light source choice unless it became

one in conjunction with illumination level requirements.

Analysis of preliminary photographic results (Section

B-2 above) indicated that the luminous flux required from the

photographic light source was approximately 10 lumens/cm 2/ exposure

at the strand surface in order to allow use of color and/or high-

resolution black-and-white films with 5X to IOX magnification on

the film. This requirement has two aspects of particular importance:

first, the basic problem of accomplishiog surface illumination

at a relatively high level, and second, the implications that

such a high level radiant energy flux may have on the combustion

process.

_ _ _ _ __ _ _ _ _ _ _ _ I 1
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The ultimate illumination level available from a

light source depends on its size and brightness. A source's

"effective" size may be increased by the use of reflectors,

focussing optics, etc., but only within the limits set by geometri-

cal and physical optics considerations. The brightness of a

source cannot be increased optically. More specifically, the

radiant energy flux which can be provided at a single point

(infinitesimal area) in space depends only on the geometrical solid

angle through which energy is incident on the point and on the

brightness of the illumination sc -ce. This solid angle of

incidence depends on the effective size of the source.

Though the effective source size (solid angle of

illumination at the lighted object) may be increased by optical

means, it may also be decreased by optical "stops" between the

source and the illuminated point or area; such was the case with

the slot window optical strand burner used in the photographic

studies involved here. The geometrical solid angle available

for strand lightinK was limited due to the relatively narrow

slot windows of the burner. Source brightness, therefore, effectively

limited available illumination and near-maximum illumination level

(for this configuration) was achievable with relatively high bright-

ness (65000K color temperature), low total energy per flash (30

watt-second) electronic flash tube and reflector. Commercial

Ir

__ I,
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flash tubes do not typically operate at higher brightnesses than

than corresponding to about 65000 K. color temperature. Theiefore,

without specially built lighting equipment, the capability of

the modest source used in these studies could not be expected to

be appreciably improved upon. Fortunately, in both numerical estimate

and use, this source was found practical for the photographic efforts

described in this study.

Only attempts at cinemacrography or higher magnification

single-frame photography were anticipated to require careful, source-

limited (rather than window limited) illumination system design

(in the first case, because of the low energy flash light outputs

of high repetition rate electronic flash light sources, and in the

second case, due to the higher required illumination level). The

flash source used was found to operate with an effective flash duration

of about 500 microseconds which proved amply short considering

the relatively low propellant burning rates to which surface

photography was limited by other problems (see page 20).

Analysis showed that illumination from this source is comparable

to or slightly greater than that which might be obtained using

a carefully-designed cinematographic flash light source. Hence,

with respect to lighting, the single-frame photographic conditions

and results reported later in this study were similar to those to

be expected from multiframe photography involving a considerably

more complex light source.
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The use of an auxiliary photographic light source

for even the relatively low magnification (5X to lOX) burning

surface photography considered here is restricted by the possible

effects on propellant combustion of the high radiant energy flux

required. If cn appreciable portion of this energy flux is absorbed

by the propellant, the possibility exists of seriously altering

the nature of the propellant combustion process, thereby invalidating

observations of surface structure made in this situation. This

fact has not been given appropriate consideration in some of the

previous photographic investigations of propellant burning. As

mentioned above, a luminous flux on the order of 10 lumens/cm /

exposure incident on the burning surface was found to be required

for photonacrography with low speed, high resolution films. At

a typical high intensity light source color temperature of 65000 K.,

this flux might result in radiant energy absorption by the pro-

pellant surface (assuming a propellant surface emissivity near unity)

2
of approximately 0.02 cal./cm /exposure. A simple criteriot, for

judging the effect of this flux on propellant combustion is its

quasi-steady effect on surface temperature. Roughly:

r c c A s n (IATI)

ii

-u
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where: r = propellant burning rate

p = propellant density

c = propellant -ecific heat

L•Ts = quasi-steady change in propellant surface

temperature due to radiant energy input

E = energy input/exposure

n = exposures/sec.

Considecing the following typical values:

r = 0.10 cm/sec.

p = 1.6 gm/cm
3

c = 0.4 ca!/gm-OC
2

E = 0.02 cal/gm /exposure

then, from equation (II-1)

n = 3.2 A Ts (aTs in 'K.)

This indicates that for negligible effects on combustion, say:

a 4s 1 1000 K (high)

n must be limited to approximately 320 exposures/sec. Thus,

the application of high speed photography is limited by the maximum

number of frames which may be exposed before the necessarily

high artificial light flux seriously alters the combustion

p~ocess. This limit may, of course, bt' extended by use of

It is interesting that 320 exposures/second wo'ijd result (withi

an incident flux of 20.02 cal./cm exposure) in a time-averaged

flux of 6.4 cal./cm /second. This flu- is of thr same order as

those steady radiant fluxes observed by Levy and Friedman (22) to

affect appreciably the defla'vration of pure t•mmonium perchlorate.
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higher speed film and/or iower magnifications, but only at the

expense of considerably decreased resolving power.

4. Procedure

a. Strand Preparation

After assembly of the experimental apparatus described

above was completed, test photographs of non-burning, cut-surface

propellant samples located in the optical strand burner were made

using films of different speeds (and resolution)1 and varying the

optical system effective f-stop (aperture). The results of these

xests indicated that the best combination of resolution and depth

of field for 35 mm. photography with the illumination available

were obtained with Eastman Kodak Plu~-X film (developed, as recom-

mended by the manufacturer, in Kodak Microdoi-X developer) and

an effective f-stop of 176 (nominal f/22 at 7X magnification).

This combination was quite successfully used for all succeeding

high resolution photographs of burning strands.

In order to assure an oblique photomacroscopic view of

the prupellart burning surface while retaining a distortion-

iminimiziný optical line-of-sight (as discussed on page 14 above),

propellr,. strands were ignited and allowed to burn on a bevel!-d

surface as chown in Figure 5. To accomplish this, 1/4" square

strands of about 4" length were cut with a bevel (approximately

450) on one end and a length of Nicirome igniter wire was cemented

IEastman Kodak Panatomic X, Plus-X, and Tri-X; Adox KB-14 and KB-16.



-27-

to this surface using several coats of butyl acrylate "dope".

The propellant strands were restricted from burning down

the strand sides by leaching the ammonium perchlorate from the

exposed strand sides before cutting the bevel on one end of the

strand, A short cold water rinse was used to leach the strands,

and excess moisture was eliminated after the leaching process by

blotting of the strand sides and drying in air for a few minutes,

b. Flash Synchronization

In order to photograph strands b'.rning at high rates (at

elevated pressures), it was necessary to synchronize the camera shutter

and light source flash with the passage of the propellant surface

through the photographic field of view. A photoelectric trigger

device was developed to sense the flame luminosity as the burning

surface passed the field of view. Its arrangement was as is shown

in Figures 5 and 6. A schematic of the trigger circuitry used is

shown in Figure 7. As the burning surface regressed during com-

bustion, it was imaged by the sensor assembly attics at about 5X

magnification on a plane at which was mounted a small semoconductive

photo-resistor as approximately 2 mnn. in diameter which, in the 5X-

magnified burning strand image plane, corresponded to only about

400 microns motion of the burning surface. Thus, this trigger

device was capable of suitable reproducibility in triggering oi the

optical system shutter. Trigger sensitivity was adjustable to

insure that stray light during burning did not trip the shutter

2 I
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before the burning surface actually entered the field of view of the

photo-resistor. Sensitivity adjustment also allowed compensation

for variations in level of this stray light from propellant to

propellant and in flame luminosity as pressure was varied.

For most photographic runs, the voltage drop across the

photo-resistor was monitored by Polaroid photographs of an oscil-

loscope trace. This assured that triggering was occurring properly

and that the luminosity profile thus recorded appeared to be

norma l.

c. Firing Procedure

To obtain burning surface photomacrographs the following

procedure was used.

A prepared strand with igniter on its bevelled end was

placed in the optical strand burner strand holder as shown in

Figure 4 . Continuity of the igniter leads was checked before
the burner was closed. Also, before burner closing, the strand

side facing the photomacroscpic camera was focussed on either a

ground glass screen (when Polaroid or 4" x 5" cut film was being

used) or in the view finder of a 35 mm. single lens reflex camera

body adapted to the photomacroscopic camera body (when 35 mm.

frames were to be taken)., The optical strand burner, being located

on a table equipped with horizontal micrometer screw adjustment, was
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then moved about 1/16" so that a portion of the propellant burning

surface interior to the strand side originally focussed upon would

be in focus. The burner was then closed, nitrogen flow sta-ted,

and the shutter on the -hotoelec'-iL trLgge' .. oni'" -scillcoope

camera was opened. After about one minute, igniti - was iccomplish-

ed. The photoelectric trigger circuit k manualyiv ie,gized 'wery

.hortly after ignition was visually apparen' through '.t UpLc -i

strand burner windows. After the photoelectric Lligjer j., d thb

photomacroscopic camera shutter and flash lamp, the trig_,.r iL.uit

was immediately de-energized by interrupting the plate circuit of

its thyratron (see Figure 7), and the shutter on the trigger

monitor oscilloscope was closed. The propellant strand was allowed

to burn out before the nitrogen purge flow was shut off. The burner

was then opened, chimney windows were removed and cleaned, and

another strand was loaded.

d. Interference by Carbon Continuum Radiation

A major problem was encountered in attempts at burning

surface photography, i.e., masking of the burning surface by strong

carbon continuum radiation from thermally-emitting carbon particles

in the gas phase above the surface. In photographs of a PBAA-

ammonium perchlorate propellant burninri at low pressures (up to

about 100 psig.), the surface was observable through the flame

luminosity. Figure 8 shows this PBAA ammonium perchlorate propel-

lant :ru_.Wg at 250 psig. and photographed under the same exposure

cc-ndxtions as those whi:h had allowed a view of the surface during

I



-30-

at 100 psig. This increase in flame luminosity and consequent

increased masking of the burning surface with increasing pressure

was particularly evident with PBAA propellants.

The observed increase in flame luminosity with increasing

pressure was paralleled by an increase in soot deposits on the

strand burner interior after each run. As pressure was increased

during a series of runs, the luminosity appeared first in the photographs

as streams or jets emanating from var ins locations over the entire

burning surface. This indicated that the emission was not a result

of flame quenching by the relatively cold nitrogen purge gas stream

at the burning strand edges. Substitution of air as a purge gas

appeared to reduce this luminosity only negligibly. Attempts to

alleviate the luminosity problem by changing oxidizer mass concen-

tration and prticle size (and distribution) also failed to yield

major decreases in flame luminosity although increasing oxidizer-

fuel ratio did result in a slight decrease in luminosity.

The use of a fuel binder yielding higher propellant flame

temperature resulted in a significant reduction in carbon continuum

radiation's interference with surface photography. While PBAA and
IZ

polyester-polystyrene fuels gave evidence of considerable carbon

radiation at combustion pressures above 100 paig., a . Lysulfide

propellant allowed views of the burning surface at pressures up to

about 500 psig. A photograph of a strand of a polysulfide-ammonium

perchlorate propellant burning at 300 psig. is shown in Figure 9
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where it may be compared with a similar photograph (same exposure

conditions) for che previously-mentioned PBAA propellant. Because

of the wider pressure range observable with the polysulfide binder,

it was selected for imediate study, and nearly all the observa-

tions reported in this study are derived from experiments with

polysulfide-ammonium perchlorate propellant.

V

~ ,
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C. Results and Discussion

Single-frame photographs of burning propellant surfaces

were obtained in black-and-white for a polysulfide-ammonium

perchlorate1 propellant with bimodal oxidizer distribution (see

Table I kor compositional details). Figures 11 and 12 show detailed,

enlarged views of the surface reproduced here after enlargement to

49X from 35 imm. frame: taken at 7X magnification.

The following ohservations regarding the burning surface

are based on a limited ~uumber of photographs but serve to point out

the detailed observations chat can be made utilizing the technique

descri.bed.

1. The su[,-is very heterogen~eous, this heterogeneity

?ing 1-:' twoscales presumably due to the bimodal

,ixidiz-e- qlis ribution present.

.A 1ý 4ar- Ixidizer particles are apparently lying

rath. free ,ot th'e burning surface. Even fewer appear

tL - -ti ,,n ng burning at higher pressures (sa:,

200 o Ao i3Q Pb ýhan at lower (near atmosphcric)

press A•,.s. -• :!nost all cases, a "haze" is apparent

1. Several low -resoL.itio, ;,,otogzaphs of a potassium perchlorate-
polysulfide irooeliaatt were :=i e in addition, but this propellant
was not obse.-Ne- ira eeLa:1 , is noteworthy, however, that photo-
graphs of this propel...nt- !ndlca.ed the presence of liquid globules
(of appriximatcl' 3)0 eiamter) much larger than the potassium
perchloratp i.-setf. _ ptrn'ograph of such a propellants burning
surface ,ýs" obtained. cn.d " .•,; apparent both that liquid
phases can be identis.,f-d trom single frame photographs and that
agglomeration may me st.id-e, by the burning surface photography
technique.

?4
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I

in the vicinity of each large particle. This "haze"

is not self-luminous. This fact was established by

photographing surfaces under the same combustion

conditions but without auxiliary illumination. All

such photographs showed little or no image of such

haze, indicating that such images in photographs with

auxiliary light were caused by reflected not emitted

light.

3. A large-scale crater-like surface structure is apparent.

Small or intermediate bright centers (apparently within

the crater depression) are usually observable along with

such individual craters. Within some craters, there is

no evidence of bright areas whatsoever. Where present,

these local bright areas are in some cases fairly distinct,

while in others, they are indistinct, and a haze like that

reported above is apparent.

4. The hazy, cloud-like appearance mentioned above is cbserved

to 51 considerably less predominant at higher pressures.

It is considerably less apparent at 100 psig (Figure 12)

than at 20 psig (Figure 11). However, the phenomenon

appears to be observable up to 500 psig (above which no

photographs were taken).

?
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5. At low _re, some free-lying perchlorate crystals

show bright spots within an overall haze closely hugging

the crystal.

6. Fine-scale particle structure is apparent between craters.

It is presumably due to small perchlorate crystals lying

partly or fully exposed, but whether the small crystals are

accompanied by a small scale equivalent of the large

particle craters discussed above is not clear.

On the basis of these observations, it appears that several diferent

modes of surface structure are present in the combustion of polysulfide-

bimodal ammonium perchlorate propellants burning at pressures between atmo-

spheric and 500 psig.

First, some large oxidizer particles appear essentially free

on the surface. These have also appeared on early photographs of propellants

with other binders. Thcir presence would seem to be due to fuel pyrolysis

at such a rate as to leave large crystals without surrounding binder. If such

is the case, it is quite reasonable that, under the action ot gravity,

these free crystals will "ride" the surface during is regression until

finally they are completely consumed. This phenomenon has been observed

by other workers (16)

Second, a number of equally large oxidi3i~r particles appear to

pyrolize faster than the fuel binder leaving craters in the surrounding

fuel-fine particle oxidizer matrix. It is supposed that the bright spots

- i
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appearing in these craters are partially-pyrolized perchlorate crystals

and that their variation in size may be accounted for by variations in

the extent of pyroly is of the individual crystils in different craters.

This suggests that the observations 'f BastresE )n the surface

structures oi extinguished polysulfide-bimodal ammonium perchlorate

propellant probably do not c!,araczerize the propellant surface during

combustion. Specifically, unless the higher fuel concentration and

slightly different bimodal oxidizer particle size distribution of Bastress'

propellants promote gross changes in burning surface structure, it can

only be assumed that the propellatt surface changes during tht: extinguish-

ment process. Further, if this is the case, one is led to question the

value oi other workers' observations on surface structure of extir ished

propellant samples (40).

Small particles, though indistinct in the present photographs,

indicate less evident crater-like surroundings This is reasonable

considering size influences only, and it is not yet clear to what extent

small particles may pyrolize in a different local environment than the

larger crystals. Thus, it is particularly evident from the photographs

that, at least in the case of large oxidizer particles, a time-unsteadiness

of "surface" regression occurs. The extent to which this must be accounted

for in burning mechanism theory is not clear a priori and warrants turcher

investigation.
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The haze observed to surround a number of large perchlorate

.:rystals is difficult to interpret but is likely to bear on the chemistry

of oxidizer pyrolysis at the surface and may be characteristic of polysulfide

binder only. The cloud-like appearance is not likely to be due to carbon

particles formed as intermediate products in the flame. Observation

of the haze by reflected light implies a high reflectivity (low emissivity)

for ic, whereas carbon particles would be expected to exhibit low

reflectivities. Color photographs have shown this haze to be white or

colorless.

Operating experience with the optical strand burner in which

these propellants were burned indicated that a fine white smoke deposit

remains after firing of the propellants. More smoke is deposited on the

burner interior surfaces at low pressures (near atmospheric) than at higher

pressures (say, 300 psig.). Although, due to changing purge flow conditions

inside the burner (vwth changing burner pressure), this increased deposition

does not necessarily evidence increased production of this smoke at low

pressures, the increased deposition. in paralleling photographic observe-

tion of haze near the surface, may be significant. Deposits on the

burner interior surfaces after firing of these propellants have not

been chemincally-analyted but solutions of similar smoke deposits (resulting

from sub-atmospheric combustion of both PBAA and polysulfide propeilants)

have been made and tested for ammonium and chlorideions with positive

results in each case. Thus, it appears that the smoke deposits are at least
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partially ammonium chloride. Ammonium chloride smoke might quite

reasonably be expected to be formed during strand burning in a relatively

cold nitrogen environment. Cold surroundings introduce the possibility

of quenching of intermediate combustion species at the strand edges.

Since flame zone dimensions are expected to decrease with increasing

pressure, tf.e admixing effect involved in quenching may be expected to

be less at higher pressures, thereby explaining the decreased deposi-

tion of smoke on strand burner interior walls at hiher combustion pressures.

The form~tior, of amnonium chloride can easily be explained chemically by

considering the chemistry of the combustion situatio: . Ammonium perchlorate

decomposition involves the rele.,e of ammonia molecules into the gas

phase (49 ), and HCl is a known product of amnonium perchlorate-oxidized

solid propillant combustion. The spatial coexistence of these two

species in the propellant flame zone is, thereiore, virtually certain, and

edge-effect quenching of the two is likely to rost •: in ammonium chloride

precipitation.

The simultaneous formation of white smoke thought to be ammonium

chloride and a white "h'ze" apparent in burning surface photographs raises

the question of whether the haze or "clouds" might not also be ammonium

chloride formed as a product or intermediate in the amxonium perchloratc

pyrolysis or in the fuel-oxidizerredox reaction. Eventual disappearance

of the smoke in the convective field iinmediately a- .he propellant
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surface (resulting in cloud-like formations rather than streams of

sooke) is attributable either to convective and/or diffusive dispersion

or to thermal decomposition (or sublimation) in the higher temperature

regions of the flame zone. It appears unlikely, however, that this near-

surface haze is ammonium chloride. The low sublimation temperature of

0
ammonium chloride k-35 C. at 1 atm.) (39) makes it l ifficult to rationalize

the formation or the presence of condensed ammonium chloride wilhin a

gas phase which is probably over 500 0 C. (composite solid propellant surface

temperature measurements are typically near or above this tdmperature (42)).

The fact that these clouds were not observed in preliminary photographs

of propellants with fuels other than polysulfide while white strand burner

deposL ions have been observed at sub-atmospheric pressures with various

fuels further suggests that the smoke deposited on strand burner interiors

and the near-surfdce clouds need not be of the same composition. Polysulfide-

AP propellant combustion at low pressures already appears to be somewhat

unusual in the light of recent experiments at this laboratory involving

"flame-less" combustion at subatmospheric pressures (48). It is therefore

quite possible that the white smoke clouds observed in photographs of

the burning surface of polysulfide propellant are similarly unique, but

further elucidation of the nature of these clouds is not offered at

this time.

Considering the possible importance of the white haze or clouds

near the burning surface at low combustion pressures with polysulfide
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propellant, it would appear that low pressure combustion may represent

P chemically different burning mechanism regime than that of higher pressures.

This is particularly possible in the light of so-called "flame-less"

combustion" mentioned in the discussion above. It is recommended that a

useful first step toward further understanding of this possibility could

be made by more careful chemical analysis and investigation both of the

white smoke formed during strand burning experiments and of the gaseous

products of combustion formed during low pressure burning. This should

be carried out with respect for the fact that the observed smoke may be

solid ammonium chloride, condensed ammonium perchlorate following sublimation

or a mixture of the two. The possibility of its being, at least in part,

condensed ammonium perchlorate is particularly interesting with respect

to the combustion mechanism implications of such a vapor pressure-controlled

sublimation-recondensation process.

C. Conclusions and Recommendations

It must be concluded on the basis of the results presented above

that the technique described herein for burning surface photography has

demonstrated considerable promise for elucidating the nature of the solid

propellant burning surface and its place in overall mechanism of solid

propellant combustion. Several interesting burning surface observations

have been made, and there is every reanon to believe that extension of

these observations to different fuel-oxidizer combinations and to
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additive-containing propellants can yield other valuable insights into

agglomeration, liquid phase effects, etc., on the burning surface. The

technique has been proven and tried, and a logical recormvndation is

that it be used to extend observations into new, interesting areas.

A noteworthy extension of the work reported here would be the

development of a light source appropriate to sequential, multi-frame

photography of the burning surface. Although single frame photography,

such as that dealt with her; is valuable, the dynamics of metal agglomeration

and oxidizer particle pyrolysis, for example, can really only be studied

photographically by successive time-resolving photographs of a given

area on the propellant surface. It is quite likely that a light source

suited to this purpose can be developed reasonably economically, and

this would allow worthwhile extension of the above proven feasibility

of high resolution burning surface observations in a normal combustion

situation.

It further appears promising to extend photographic surface

observations to "artificial" systems as well as practical propellants.

Investigation of systems of the sort utilized by McAlevy (41) (which

employ, for example, burning packed beds of fuel or oxidizer particles

with oxidizer or fuel gas, respectively, passed through them) may

provide valuable insights into solid fuel and oxidizer pyrolysis

processes.
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CHAPTER III

COMPOSITE SOLID PROPELLANT BURNING STUDIES

A.. Background 
AT LOW PRESSURES

Solid propellant burning rate and combustion mechanism

studies at low pressures (near and below atmospheric) are of interest

for several reasons.

Low pressure combustion is a major interest with respect to

mass diffusion processes which result from composite propellant heterogeneity

in the solid phase. Earlier in this study the extent to which current

burning rate theories call upon mass diffusion concepts and formulations

was pointed out. Diffusion flame concepts depend on the assumption

that chemical kinetic reaction rates are so fast that the supply of

reactants to the flame reaction zone limits the overall rate of reaction

and heat release. It has already been pointed out that all current

theories of composite propellant combustion involve such diffusion

controlled (or at least diffusion influenced) combustion r,•gýmcs. Since,

in general, mass diffusion processes occur faster at lower pressures

while chemical reactions occur more slowly, it is clear that low combustion

pressures constitute approach to a limiting combustion regime. Hence,

a reasonable approach to testing the validity of postulated diffusive

combustion mechanism concepts is to study propellant combustion at such

low pressures as can be attained without exceeding the typical low pressure

deflagration limia of solid propellants. This procedure should allow
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extension or modification of previous experimental obsirvations and

theoretical formulations related to particle size effects on composite

propellant burning rate.

Low pressure solid propellant combustion is also of interest

for anorher importtiIn reason Since chemical reactions are generally

slower at lower pressures, it is cormmon for the time and distance scale

of c flame zone co increase with decreasing pressure. This expectation

is borne out by flame zone observations over pressure ranges above

atmospheric pressure (see, for example, reference(19)). Thus, flame

zone structure studies by photographic, spectroscopic, and thermometric

methods are facilitated by low combustion pressures. Low combustion

pressure studies of flame zones must, howelrer, be made with cognizance

that controlling chemical kinetic reaction steps and product gas cun-

positions may change with pressure. This possibility has been e6sabllshed

for example, in ammonium perchlorate decomposition and deflagration

studies (18). Thus, although flame structure studies are experimentally

convenient at low pressures, care must be taken in attempting to

extrapolate experimental observations to higher pressures.

Another reason for interest in low pressure solid propellant

combustion studies is the so-called "low pressure deflagration limit".

Typically, deflagration of solid propellants cannot be effected at

arbitrarily low pressures. Each propellant appears to have a limiting
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low pressure at which combustion ceases. This pressure has been

termed the "low pressure deflagration limit and has been investigated

theoretically (20) (21) and experimentally (11)(14)(22) for propellant

systems. To date, however, the physical and/or chemical causes of the

limit are uncerLain. It is obvious that "low pressure" in the deflagration-

limit sense need not imply sub- or even near ctmospheric pressures since

some propellants reportedly experience a low pressure limit at rather

high absolute pressures (e.g., 22 atm. for pure ammonium perchlorate)

(22). Many practical propellants do, however, exhibit such a limit

near or below atmospheric pressure. As with other "abnormal" combustion

situations, propellant combustion near this deflagration limit is of

interest not only in itself but also for the insights it may provide into

the mechanism of more "normal" combustion at higher pressures.

B. Previous Subatmospheric Composite Propellant
Combustion Studies

Few experimental subatmospheric composite propellant coop

bustion studies have been carried out. Of these only the work of

Webb (23), Silla (24), Powling and Smith (25), and Barrere and Nadaud

(46) appear in the unclassified literature. A summary of the burning

rate data from these sources is shown in Figure 13.

The results of Webb show burning rates for strands of

20% polyester-polystyrene - 80% ammonium perchlorate propellants

5Z
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with two, broad, unimodal oxidizer particle size distributions;

one, coarse (approx. 120 micron mean particle size) and one, fine

(approx. 16 micron mean particle size). Webb's results extend down-

ward in pressure to 6.5 psia and are from experiments carried out

in a stagnant nitrogen environment.

Silla's results are for strands of a propellant of the

same fuel and the same fuel-oxidizer mass ratio as Webb's but with a

bimodal oxidizer particle size distribution of unreported particle

size. Burning rates were measured by Silla between 2.5 psia and atmospheric

pressure in what apparently was a near-stagnant environment with a

pressure controlling bleed and a small vacuum pump connected to

the vacuum burner.

Powling and Smith report data for burning rates of pressed

pellets containing 10% parafor-aldehydc-90% ammonium percblorate

between approximately 2 psia aLt" atmospheric pressure.

Barrere and Nadaud's results are for two unidentified

propellants, one, metallized and one, unmetallized; with unspecified

sample dimensions and test configuration.

C. Previous Studies Of Particle Size Effects In Composite

Solid Propellant Combustion At Low Pressures

Before 1961 little comprehensive experimpntal research on

oxidizer particle size effcts in composite solid propellant was

reported. In both the classified and the unclassified literature, the

.-
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particle size effects reported deal largely with variation of coarse

and fine oxidizer proportions in the widely-used bimodal oxidizer

blends, e.g. (26). In the few instances where propellants contain-

ing unimodal oxidizer distributions were studied, oxidizer was used

(as ground) in very widely-distributed unimodal samples (4)(23)(26).

Particle sizes were rarely measured and carpfully recorded in such

studies.

The work of Bastress (9) in 1961 probably represents the

first systematic and comprehensive investigation of particle size

effects in composite propellant combustion. Bastress investigated

burning rates with both propellant strands and rocket motors. He

also observed the surfaces of strands extinguished by sudden depressuriza-

tion. The propellants used featured several different fuels, narrow-

and broad-cut unimodal oxidizer fractions between 9 aod 265 microns

mean particle size as well as some bimodal oxidizer fractions, varying

oxidizer loadings, and varying degrees of fuel polymerization.

Most of Bastress' investigations were performed with

a 35% polysulflde - 65% ammonium perchlorate propellant containing

narrow, unimodal oxidizer cuts. The results of burning rate measurements

on these propellants burning at pressure between 15 and 1800 psia.

(as well as some observations on extinguished propellant surfaces)

led Bastress to delineate several different combubtion regimes determined

by combustion pressure and mean oxidizer particle size. These regimes

as postulated by Bastress are shown in figure 14. Some of his burning

rate curves are shown in figure 15 with a cross-plot in Figure 16.
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A similar cross plot is shown in Figure 17. f
Bastress discussed his observed particle size effects

at the lower pressures of his experimental range largely with

reference to the "granular diffusion flame" theory of Summerfield (4).

The burning rate data Bastress reports for polysulfide-ammonium

perchlorate propellants were analyzed with respect to the Summerfield

burning rate expression:

S- a + b (I2I-l)

Values of the parameter "b" (which is expert-A to vary with

oxidizer particle size) are presented by Bastress as varying with the

mass mean particle size as shown in Figure 18. These values of the parameter

were obtained from a plot of p/r vs. p2/3 as shown in Figure 19.

As has been pointed out previously (6), Equation CII-9

in practice a correlation equation based on similarity concepts. The

"chemical kinetic" parameter "a" and the "diffusional" parameter "b"

in Equation III-I may be derived in terms of the pertinent variables of

the combustion situation. Analytical expressions for these parameters

at best, however, contain factors involving currently unknown propellant

chemical kinetic effects and the unknown mass of gas phase oxidizer or

fuel "pockets" ("granules") caused by solid phase heterogeneity. It

is not surprising, therefore, that numerical values of the parameter

"b" (which derives from mass diffusion effects dependent on the scale

of the solid phase heterogeneity) have not been completely reconcilable

with numerical value estimated from analytical expressions for "b"

*This point has been discussed at some length but with inconclusive
results (27).
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Numerical estimates of "b'require assumption of the relation between

oxidizer particle size and the scale of gas phase heterogeneity, a

relation which is not at all clear either a priori or even a posteriori.

This difficulty in actually predicting the values of parameters "a"

and "b" does not, however, constitute a decrease in the usefulness

of Equation III-I as a correlative tool. It does make clear, however,

that other means must be sought to check the validity of the similarity

concepts employt.d in deriving it.

As Hastress comments, the values of "b" he obtained were

for different pressure regions for each of the different oxidizer particle

sizes (as indicated on Figure 19), i.e., from about 15 to 50 psia.

for the largest particles size to about 50 to 200 psia. for the smallest

particle size. These pressure regions and particle sizes correspond

to those indicated ai hastress' combustion regime map (Figure 14).

If particles size effects are primarily due to mass

diffusioti phenomena, they should disappear or at least tend to decrease

strongly as combustion pressure is decreased. In this light, there

are two aspects of Bastress' data to be considered: the first, qualitative,

and the second, quantitative.

First, as is apparent from Figure 16, at pressures less

than about 00 psia, and for particle sizes under 20 to 60 microns,

the burning rate of polysulf-de-amnonium perchlorate propellant is

apparently insensitive to oxidizer particle size. The sitvtation

is somewhat less clear regarding polyester-polystyrene propellants
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(see Figure 17). Nonetheless, a measure of qualitative substantiation of

postulated mass diffusion-controlled particle size effects can be

considered to be established by this trend toward insensitivity to

particle size. The extent of verification of the postulated mechanism

remains, however, somewhat uncertain especially due to a lesser observed

trend with the second fuel type and due to scatter in the data

(both random and systematic) for the first fuel type.

It might further be expected qualitatively that increases

in propellant combustion pressure should lead to increased particle

size dependency if mass diffusion is the phenomenon involved in

particle size eftects. That is, iicreascd combustion pressure should

first, render small particles of effect similar to larger particles

at lower pressures and second , rcndc.r thlie heterogeneity resl It ing

from smaller and smaller particlos mr,.. and more influeni ial when

superimposed on the typically ta-ster reaction kinetics of hiO-t-r

pressures. Qualitatively, this trend is observable but not strongly so

ilk the data of Figure 16 where only mild inc rrases in slope, occur

at :, givten particle size with pressure incrva,,t,,s of more than ar.

order of magnitud... Contrar. to t' .' pre, viously-disitissed 'ompar,;tiv•

trends toward insensit ivtty at smnailt particle sizts with tistr.lss'

two P-apellant fuel typesmore prssure effcet on particle, siz

influences Is evident in the polvester-polvstyrene data ol Figure

17 than in the data of Figure i6.
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This difference in trends may, however, be attributed to different

regime boundary values of pressure and particle size for the two

propellants with different fuel binders. Hence, the different com-

parative trends are probably not of profound importance regarding the

mechanism of particle xiie effects. Qualitatively, therefore, there is

some measure of verification of the importance of mass diffusion concepts

in composit, propellant particle size-burning rate relationships. It

is questionL&le, however, whether such qualitative support is either

useful or conclusive with respect ýo a mechanistic description. Thus,

it is valuable to consider a second aspect of Bastress' data.

To look further into mass diffusion ccr-crto cf particle size

influences than simply at trends toward insensitivity of burning rate to

particle size at low pressures and increasing sensitivity with increasing

pressure requires either consideration of a specific, detailed model

or diagnostic data from special burning situations*. At present, only

one moderately successful burning rate vs. pressure vs. particle size

model of composite solid propellant combustion exists, i.e., that of

the "granular diffusion flame" mentioned above. It is instructive,

therefore, to look further into particle size effects on burning rate

by specific reference to this model.

*. i.e., attempts to test the effects of other variables than particle
size which are known to influence mass diffusion rates, e.g., the
molecular weights of fuel pyrolysis products, the mean temperature
in the gas phase, etc. Unfortunately, it is not known to what extent
attempts to make such tests would evidence effects other than that
due to altered mass diffusion alone.



The detail of the "granular diffusion flAme" model of

composite propellant combustion allows a look beyond qualitative

trends and toward quantitative considpration of particle size effects.

It is at this point, however, that Baotress' data became difficult to

invoke as arguments for mass diffusion - controlled particle size

effects. To be sure, qualitatively, the data of figure 16 are

consistent with the prediction of the "granular diffusion fla!ie"

model, in that burning rates appear to become insensitive to particie

size at low pressure. However, one may look, by use of this particular

model, at the regime just before particle size effects appear to

vanish and one may test whether they disappear "fast enough" to be

compatible with the model. For this purpose, reference to the P/r

vs. p2 / 3 plots of Figure 19 is useful. These curves show that, as

combustion pressure is decreased, particle size effects remain in

effect to appreciably lower pressures than would be expected on the

basis of "granular diffusion flame" model. The curves for different

particle sizes, rather than even continuing to converge at the same

rate in the "premixed flame" regime as in the "granular diffusion

flame" regime, actually appear to tend away from convergence and merge

less quickly with decreasing pressure. Thus, in ternis of the "granular

diffusion flame" theory, Bastress' results not only fail to confirm

a predicted trent but, in fact, appear contradictory to it.

In summary, then, it must be said that while Bastress'

results lend some qualitative support to mass diffusion phenomena as

a basis for particle size effects in composite solid propellant combustion,

within the realm of the most successful, current mechanistic model,

they do not do so quantitatively.



Other studies of oxidizer particle size influences on

composite solid propellant burning rate are those of Sutherland (27),

Taback (26), and Webb (23) (all summarized in Reference (4)) as well

as those by Adams, et. al. (28). In all of these studies oxidizer particle

size distributions either were broad, unimodal or bimodal ones, or were

not varied over a large particle size range. Thus, these additional

results must be also termed inconclusive with respect to particle size

effects on comoustion mechanism. Notonly is there little in any of

the results to support concretely any of the current burning theories"

concepts of the influence of oxidizer particle size via mass diffusion

effects, but simiiar to the results of Bastress, these results hold

up s, ,e indication that such concepts may, in fact, not apply as explanations

of particle size effects in composite solid combustion.

With regard to the preceding comments on experimental observa-

tions of particle size effects and particularly in the light of those

comments on the results of Bastress, it appeared quite valuable to extend

particle size effect observations to lower pressures. Considering

the extensive exporimental program of Bastress, it was thought reasonable

to begin this extension by means of subatmospheric combustion pressure

experiments with propellants of the same formulations as those of

Bastress. The remainder of this chapter describes the development

of an experimental program for this purpose and some of its results.
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D. ExpLeimental Program

1. Scope of Work

An experimental program for in.,stigating the sub-

atmospheric pressure combustion of composite solid propellants

was "ndertaken, prompted by the observations of the preceding

discussion. The following portion 3f this chapter reports on

the development of a suitable apparatus for ih--a-tspheric pressure

burning rate oecerminations and on the results and observations

obtained from it. Experimental experiences are reported which

suggest modifications of the apparetls to allow complementary

spectroscopic and photographic observations.

2. Apparatus

a. Subatmospheric Pressurp Strand Btirner

It was recognized at the outset of this program that

an sxperimental item of primary interest would be sub-atmospheric

priessure burning rate data.

A common approach to propellant burning rate determination

is that of burning small strands of propellant, cigarette-fashion,

in a stagnant-atmosphere, large volume chamber or in a chimney-type

burtier with inert gas purge flow coaxiAl with the strand. This

approach typically involves constant or near-constant chamber

pressure, and requires one firing for each point of a burning

rate-pressure curve.

i



In the interest of simplicity and ease of operation and

data reduction over a large number of runs as well as

cost, such a strand burner was chosen as an appropriate burning

rate measurement apparatus. Also bearing on the decision

was the matter of optical accessibility of the propellant

burning surface and flame zone for photographic, spectrographic,

and visual observation.

The choice between a stagnant atmosphere and a continuously-

purging strand burners was made in favor ot the essentially

stagnant environment design on the basis of ease of initial

set-up. The hope was that a stagnant propellant sample

environment would not greatly hinder either reproducible

:burning or optical accessibility. The burner as constructed

included provision for strand mounting, ignition, and

purging of the burner cavity of air and is shown in Figure 20.

A further provision beyond that expected was made in that

a small low-velocity purge flow of nitrogen coaxial with the

propellant axis was included for reasons discussed on page 58.

The original choice of an essentially stagnant environment

burner was made as a result of the vacuum pumping capacity

required of a purged burner syb.tn. A reasonable approach

to determining required purge flow in past experiences with

chimney-type strand burners has been to attempt to match

the purge flow velocity to the strand-burning
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product gas velocity. Such matching has been found to minimize

the propellant strand restriction required to keep the burning

surface from spreading down the strand sides and also to minimize

mixing of product gases with the cold gas environment near the

1-n
strand. This velocity can be shown to vary essentially as (pressure)

where "n" is the propellant burning rate pressure index. Calculations

indicate that this velocity may be on the order of 80 ft./sec. at

atmospheric pressure and require a vacuum pumping capacity of

approximately 100 std. ft. 3 /min. near atmospheric pressure for a

two-inch diameter burner chimney (though a smaller diameter chimney

might be feasible, it was that a decrease below a two-inch diameter

would introduce considerable risk of deposition on the burner

windows required for observation of ti.- burning strands). An

investigation of water and steam ejector system with the desired

vacuum pumping capacities was made, and these alternatives were

discarded due to equipment cost and primary fluid mass flow re-

quirements. Positive displacement vacuum pumps were deemed impractical

for preliminary studies due to the complication irtroduced by the

high mass-flow product gas scrubbing required to eliminate the

possibility of pump damage by corrosive combustion products. On

this basis, therefore, it was decided to assemble the essentially-

stagnant environment system as illustrated in Figure 20.
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A nitrogen supply system and vacuum draw-down

capability as shown schematically in Figure 21 were used

in conjunction with the strand burner itself. A surge tank

was provided to minimize pressure fluctuations during propellant

combustion. A small vacuum pump in the strand burner exhaust

line was provided to maintain constant combustion pressure by

exhausting the low-velocity purge flow and the combustion

products during strand burning. The purpose of the simple sodium

hydroxide pellet bed shown in the exhaust line (before the small

pump) is that of minimizing corrosive vapors entering the

mechanical pump.

Strand ignition was allowed for by the inclusion\of

electrical lead-throughs at the Rtrand burner base and was

provided by means of a Nichrome wire threaded through a hol.

near the top of the strand. A 24 v.d.c. rectifier supplied

ignition power.

b. Instrumentation

A photographic system was used for measuring strand burning

rates and is shown schematically in Figure 22. The system

provided for burning rate measurement by photographically-

recording successive images of the burning prope1lant

strand at approximately 1.2K magnification with a scale grid1

and stopwatch face superimposed on each film frame. The

beam sylitter used to accomplish this superposition
1To minimize the interference between the grid scale image
and the superimposed propellant sample image, a white-on-
black-background grid was used. This grid was made by reflex-
printing standard graph paper(ten-divisions-to-the-lnch)onto
high-contrast photographic enlarging paper.

iS
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of images was made by vacuum deposition of aluminum on

a 1/16" thick glass plate. A trial-and-error proc-d,,re

was used to determine the deposited film thickness whizh

gave suitable density balance between flame and stop-watch

and scale-grid images on the film.

Use of a Beatty-Coleman data recording camera with fram-

ing rate capability as low as two frames per second allowed

simultaneous recording of burning surface position and time on

35 mm film. The framing rates actually used for data recording

provided about twenty successive exposures during the passage

of the burning surface through the camera's field of

view (approximately oine-and-one-h•If inches). ihis receri.r,,

technique provided monitoring of propellant burning and

checks on the steadiness of the burning surface regression

rate.

The standard technique of burning ratc determination

by measuring the time period 6etw en melting of two fusible

timing wires (of known separation along the strand axis)

was not used for burning rate determination because of

a reported tendency toward irregular fuse wire melting at

low combustion pressures (low burning rates) (44). A series

of typical burning rate record photographE of the type

described here is shown in Figure 23.

!4
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C. Subatmospheric Strand Burner operation

The propellants tested for sub-atmospheric

pressure burning rates included two 25% polybutadienu-

.,.ryLi~c a.cid fPBAA) - 75%, ammonium perch lorat. propellants

with narrow, uniriodal oxidizer particle size distributiors.

Ammnonium perchlorote of 13 nvicron and 188 micron mass wean

particle sizes was incorporated in these PBAA propellants.

Burning rates at sub-atmospheric pressures were also

determined for a 35% polysulfide (LP-3) - 697, ammnonium

perchiorate propellant of 48 micron mass me~ai oxidizer

particle size .All propellants used in these SLudies were

prepared in the Princeton University Aeronautical Engineer-

ing Depariment Solid Propellant Processing Laboratory and

w'ere cast into blocks from which 1/14" square strands were

cut. Si.des of the approximately 4" long strands were in-

hibited (to prohibit flame spreading down the sides) by

dipping once in a 5%/ solution of VYLF vinyl resin in meth-

ylene chloride.

The sLiaakd inhiblitior tcochnique was determined

through a seriea of strand combustion teste using both of

the PFAA propellants described and a number of different

inhibiterb and inhibiter coating thicknesises. Inhibiter

coatings generally interft're with both observation of Lhe
1Propellantt formulation details appear in Table
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burning surface edge and with observation of the burning

surface itself. Hence, minimal inhibition was found to

be required. Simple leaching of ammonium perchlorate from

the propellant strand sides, however, was found to be

ineffective in eliminating flame spreading down the strand

sides. This Spreading was evidenced by the convex

conical burning surface observed without strand inhibition.

Such conical burning surfaces were observed (though to a

lesser extent, even with inhibition in the case of the fine-

oxidizer PBAA propellant. It is for thib reason that

provision was made in the strand burner for a relatively

slow lit rogen flow directVd from thu strand holder bast

up .,long the burning strand. This flow was fairly •- .:E,,

ful in eliminating conical burning surfaces with th.. tin'-

oxidizer PBAA propellant.

Two check burning rat, measurements u l.g thle

coarse PBAM propellant vere made; one with no r -.roer

flow and one with such nitrogen flow as coti]6 k,. accomodated

by the small vacuum pump at 1/2 atmosphere ch.#mber pres'-,ure.

Comparison of these 'wo rates showed them to he equal

within the experimental accuracy of the burr-.ng rate

measurement technique. It was, thet by, ia-ged that thib

small nitrogen flow probably did not afi-'c. burning rote

meas'trement accuracy.
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3. ProceduTe

The general procedure for burning rate determination was

as follows: An inhibited strand of propellant of about 3-1/2"

length was drilled (No. 60 drill) across the strand width about

1/16" from one end of the strand and a Nichrome igniter wire of

about 10" length was inserted into this hole. Next, a 1/8" mounting

hole was drilled on center at the other end of the strand. The

strand was mounted on a mounting pin on the strand holder in the

burner chamber. The igniter wire ends were then connected to two

insulated pins provided on the strand holder base. Ignition

circuit continuity was checked using a test light on the burner

control panel, and the bell cover was lowered over the burner base

(a thin coating of silicotte vacuum grease was always used on the

bottom edge of the bell cover and was cleaned off and replaced

before each series of firings). Before evacuation of the chamber,

the propellant strand was checked to have its front surface in

focus by the recording camera by use of a ground glass camera slide

in the film plane. Illumination for focussing was provided by a

microscoptý illuminator lamp. Then, with the valve to the small

vacuum pump closed and with the air bleed and nitrogen bleed valves

closed, the large vacuum pump was used to evacuate the burner

system to less than 1.0" Hg. absolute pressure. Upon attainment

of this pressure or less, the large vacuum pump line was closed

off by means of the valve provided in it, and dry nitrogen was bled

4
I
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inta the system to a pressure of at least 1.0" Hg. below atmospheric.

The evacuation and nitrogen-filling procebses were zhen repeated to

further purge the system of air until the system was at the desired

combustion pressure. At this time, the small vacuum pump was turned

on, its line valve was opened, and the nitrogen-purge bleed valve

was adjusted until (with the small vacuum pump drawing on the burner)

the desired combustion pressure (or very near it) was maintained.

At this point the camera timer and stopwatch were started,

and the lamps illuminating the stop watch and grid scales were turned

on. Before ignition of the strand, the firing number was recorded

by switching the recording camera on, letting it photograph several

fLdtmes with a run-number card placed immediately in front of the

stopwatch face, and then switching the camera off again.

Ignition of the strand was accomplished by passing a

current through the igniter wire. When the propellant burning sur-

face had regressed to a point slightly above the top of the recording

camera's field of view, the camera was switched on once again and

allowed to sequence photograph until the surface receded out of its

field of view. During this time interval, chamber pressure, as

indicated by a mercury U-tube manometer, was monitored visually,

and estimated average pressure and variations from it during the

run were recorded. After the strand had burned completely, the

nitrogen bleed valve w,:- closed, and the small vacuum pump was

allowed to operate until chamber pressure was again reduced to less

__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _' l
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than 1.0" Hg. absolute. When chamber pressure, reached 1.0" Hg.

absolute or less, the small vacuum pump was turned off and the air

bleed valve opened to return the burner system to atmospheric

p, ssure for the loading of another strand for the next run.

Barometric pressure readings were taken at the beginning

and end of each day's tests or at least every two hours, whichever

period was shorter.

For one propellant - PBAA-AP (75%, 188 microns) - the

low pressure deflagration limit was determined. This determination

was easily effected by measuring burning rates at decreasing

pressures until combustion extinction appeared (visually) imminent.

A final test was then made without the previously-used nitrogen

flow around the strand but with the small vacuum pump still in

operation so as to decrease the chamber pressure slowly. The

deflagration limit reported was that chamber pressure observed at

the time of extincti on of the visible flame at the propellant

surface. No continued surface regression was apparent after that

time.

4. Measurement Errors and Data Reduction

Burning rates were determined using contact prints of

the film record of burning surface displacement vs. time. A typical

contact print sheet is shown in Figure 23. In this figure, the stop

watch and grid scale superimposed over the burning strand image are

apparent. Left-to-right reversal of the stop watch face is due to

SI
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the optical system arrangement and did not interfere with time

determination. Divisions on the grid scale are 0.05" apart and

the usable strand image length can be seen to be slightly over 1.0".

Since the grid scale and front surface of the strand

were located at equivalent focal planes (by means of the beam

splitter), regression distances of the strand on the film record

could be read directly from the grid scale image. These distances

were always measured in the axial direction at a station near the

midpoint of the strand. B> this tecnique, it was estimated that

burning surface location vas measured to the nearest 0.01" using a

hand magnifier. Thus, by using two frames showing a burning sur-

face displacement of approximately 1", the distance regressed could

be measured with a maximum error of about 2%.

The stop-watch.indicated time corresponding to each frame

was also read directly from the contact print of the film record.

Since the smallest stopwatch scale division was 0.1 second, the

sweep hand was almost always stationary during the 1/50 second

exposure time of the recording camera, and times from the two frames

used for burning surface displacement measurement could be read to

the u.earest 0.1 second. Therefore, a typical run at approximately

one atmospheric combLation pressure (with a burning rate of about

0.06"/second) yielded a 1" displacement of the burning surface in

about 17 seconds. Hence, a maximum error in time interval of about

1.2% could be expected (with lesser percentage error down to about
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0.2% - at lower pressures due to the lower burning rates and con-

sequently longer burning times).

Each burning rate film record was checked for obvious

abnormalties of burning surface orientation or shape by observation

of all intermediate frames exposed during the interval between

exposure of those frames actually used for burning rate determination.

Whenever such abnormalties occurred, they were noted. The constancy

of burning rate during the time interval involved was always checked

by separate btirning rate calculation for the first and second halves

of the total interval, and in some cases by checks over additional

time intervals. In almost all runs, results were found to be con-

sistent, and only a small percentage of the runs appeared to involve

abnormal combustion.

As has been noted by others, an appreciable source of

possible error in strand burning rate determination is that of

tilted burning surface (23). This is true, naturally, of both fuse-

wire-determined burning rate measurements and photographically-

determined ones. An advantage, however, in photographic rate

determination techniques such as that employed in this study lies

in the possibility of partial correction for tilted burning surface

errors. The correction procedure employed when necessary in this

study was to measure burning surface inclination in each intermediate

frame of the photographic sequence, calculate the average cosine of

the burning surface angle, and correct the nominal burning rate

I,
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(calculated by the normal method described above) by this factor.

Since it is apparent from the camera arrangement used that burning

surface tilt toward the side of the strand observed by the camera

may be difficult to detect due to flame luminosity and that tilt

away from that side cannot be detected at all (without the use of

another camera), it is obvious that attempts at burning rate cor-

rection for surface inclination were not complete. Nonetheless, it

was felt that such partial correction as was possible conveniently

was worthwhile and on the average could be expected to correct

burning rates for up to half of the error possible without correction.

Through the appropriate geometrical arguments, this error (without

corrections) could be up to 3.4%. for surface inclinations up to

150 In most cases, observed inclinations were well below this

value.

As was mentioned earlier, chamber pressure and pressure

variations (if observed) were recorded during each run thus

facilitating estimates of possible error in pressure measurement.

For most runs, this variation was less than 1-1/2% even at the

lowest chamber pressures, and rarely was this variation greater

than 3%. Observed short period fluctuations of pressure as well

as those too brief to allow manometer response (due to mercury

column friction and inertia) were considered to be negligible in

the light of averaging over the relatively long burning periods of

the runs. Negligible error in combustion pressure measurement was expected

St*
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to be due to barometric pressure variations since careful readings

of high accuracy (to 0.001" Hg.) were recorded frequently using a

vernier-scale, laboratory-type, mercury column manometer.

In summary, then, the tot-, error in burnig rate determi-

nation by the technique described could be expected to be less than

6-1/27 particularly at lower pressures and after correction for

observed burning surface inclination. Errors in recorded pressure

were estimated to be less than 1-1/2% (at low pressures) and, in

general, were probably appreciable lower than this figure.

5. Results

The results of a number of subatmospheric burning rate

measurements are shown in Figure 2V along with corresponding rates

for higher pressures measured in a chimney-type strand burner*.

The sub- and super-atmospheric rate curves are seen to blend smoothly

indicating insensitivity of burning rates to the details of the burner

construction. Scatter of the data points is, in general, within

the 6-1/2% maximum estimated earlier in the preceding section.

The value of correction for burning surface inclination

as described in the last section can be seen in the results for the

PBMA-ammonium perchlorate fine propellant. Tilt correction appears

to reduce scatter and to bring the subatmospheric results in line

with those from super-atmospheric pressure. Nonetheless, the

This burner had been widely used in the past, e.g., for lastress'
work, with no reason to doubt its satisfactory operation.

I
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results for this particular propellant must be viewed cautiously

since burning surface inclination was frequently high (up to 300)

with almost all straertdc.*%

As indicated on the plot of the burning rate results

(Figure 24), the lower pressure deflagration limit was determined

for only one propellant.

A particularly notable characteristic of all the runs

performed with both propellants was the production of appreciable

quantities of whitish smoke in the burner chamber and the deposit

of some of this smoke on the glass walls of the chamber. This

smoke was not so dense as to interfere seriously with photographic

burning rate determination, but it did cause attempts at surface

photography via external illumination to fail due to reflection

and scattering of the artificial illumination. Similar deposits

during vacuum combustion were observed by Webb (23) and both white

deposits on a strand burner interior and white "clouds" in the

flame zone have been observed above atmospheric pressure during

other propellant combustion studies (see page 33 )o

The direction of this tilt was observed to be quite random.
Several experiments involving addition of a 2-1/2" diameter hood
to the exhaust line over the strand, total elimination of the
exhaust line (inside the strand burner cavity itself), attempts at
artificial inducement of tilt by leaving one strand side uninhibited
and unleached, use of 1/2" square strands instead of the usual 1/4"
square ones, etc. did not uncover the cause of this burning surface
inclination. It was finally thought that this effect must be due
to some characteristic of this particular propellant since equally-
fine oxidizer in polysulfide-fuelled propellant (with a lower fuel
concentration, however) only rarely burned with an inclined burning
surface.
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A solution of the deposit from the burner interior was

readily made in both distilled water and in a sodium hydroxide

solution. These solutions were then tested for the presence of

chloride ion (standard AgNO 3 precipitation test) and for presence

of the ammonium ion (NH4 Cl smoke test with HCl vapor and sodium

hydroxide solution of the deposit). Results were strongly positive

in each case. Further evidence for appreciable ammonium ion in

this smoke was observed in the strong odor of ammonia evident upon

opening of the sodium hydroxide pellet bed in the burner exhaumL

line.

6. Discussion

The results of the burning rate measurements of this study

are not extensive enough to provide a basis for firm conclusions

regarding subatmospheric composite solid propellant coiwbustion.

Use of the apparatus can easily be continued in order to produce

further data. Nonetheless, on the basis of currett data and obser-

vations, a number of important observations and speculations can

be made.

From the burning rate results for both the PBAA and poly-

sulfide propellant# tested, there is still no clearcut evidence of

the rather fast convergence of burning rate curves for different

particle sizes Vhich might be expected at low pressure in view of

=as diffusion theories on oxidizer particle size effects. This

point should be elucidated by more extensive testing of subatmospheric

.... .. 4 ]
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pressure burning rates for particle-size-varied propellants. However,

it is notablc that a low pressure burning rate convergence dis-

crepancy(previously discussed with respect to the results of

tliastress) is still apparent in the lower pressure burning rates

recorded in this study. Thus, the validity of this discrepancy as

an objection to current concepts of mass diffusion effects in

composite propellant combustion is reinforced, and the mechanism of

particle size influence on solid propellant burning rate is still

an open question. Since the mechanism of particLe size han n-t yet

been concretely related experimentally to mass diffusion in the

unmixed gas phase, it is worthwhile to conjecture as to possible

other causes of burning rate dpe-ided-ce on oxidizer particle size

and distribution.

It is obvious that the presence of oxidizer as discrete

particlaswithin the fuel matrix requires micruscopically-unsLeadv

burning and regression of the b,,rning surface. Adams and other

workers at E.R.D.E. in the Unittd Kingdom (29) (32', have commented

on this likelihood and also on the poshibility that "the assumption

of steady state flow, the attempt to make the problem one-dimensional,

"and the averaging and arbitraty linking of processes over the burning

surface" may not be sufficiently realistic to allow a realistic

solution to the composite propellant burning rate problem. An

unsteady combustion process might well necessitate a time-dependeni

or time-averaged configuration for modelling and burning rat,
1 "Time-averAging" in this cat. must be done with the nature of tht
unsteadiness inherently accounted for in order to introduce at lea~t
its effects into a combustion mechanism formulation. It would not
be sufficient, therefore, to "time-average" phenomena in the sense
of any current burning mechanism theory which presumes "quasi-steady"
burning or "effectively steady-state" conditions.
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analysis. To date, however, no such analysis has been reported.

This absence is understandable, unfortunately, considering the com-

plexity of the burning propellant configuration, the uncertainty

of the existence of readily-modelled controlling processes, and the

lack of detailed knowledge of the individual propellant component

pyrolysis phenomena and their interplay. Certainly, a more complete

knowledge of the individual pryolysis processes involved would be

useful in attempting to eliminate these lacks. It is in this light

that previous work on pure and fuel-modified ammonium perchlorate

deflagration is worthwhile and continued efforts at further

elucidating the mechanism of the thermal decomposition of ammonium

perchlorate appear promising.

Another interesting prospect for at least rationalizing

a description of particle size influencers in composite propellant

combustiou, relates to observations of particle size effects in the

thermal decomposition of pure ammonium perchlorate (29)(30)(31).

It is quite possible that suggestionsof perchlorate deccomposition

control over burning rate at high combustion pressures (say, 1000

psia or more) apply also, at leat in conjunction with oxidizer-

fuel reactions, at lower pressures. Hence, it might be speculated

that an attempt to interject particle size dependence in a combustion

mechanism model might be successfully made by superimposing the

solid phase decomposition reaction rate relations of Nampel, for

example, (33), on a simple, unsteady model of suceessive pyrolysis

S• _[_I _ . ..
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of stacked oxidizer and fuel thicknesses. Such an attempt requires

first, preliminary theoretical studies of the likely trends of such

a model and second, if suitable trends exist , experimental study

of apparent particle size effects in oxidizer decomposition.

A further speculated origin of a particle size dependence

of burning rate lies in the area of heterogeneous reactions. Such

reactions have been postulated to bear on propellant burning

mechanism (47) and probably warrant further development.

Aside from the question of particle size effects, the results

of this study are interesting in another sense. From previous sub-

atmospheric burning rates recorded by Webb(23), Silla (24), Powilng

and Smith (25), and Barrcre and Nadaud (46), one observes that

burning rate data for polyester-polystyrene and paraformaldehyde-

fueled propellants show burning rate pressure indexes very nearly

constant at a value of unity. The slopes for the PBAA and poly-

sulfide-fueled propellants of this study are, however, constant

or near-constant at about 0.7. Previous attempts at rationalizing

the relative magnitudes of such burning rate pressure indices have

been unsuccessful and no particularly useful speculation regarding

them can be added at this time. The influence of fuel binder typc

may, however, be attributed to different pyrolysis rate temperature

dependencies for various binder types, differing fuel volatilities,

and differing fuel pyrolysis products though even qualitative

descriptions of such origins of binder type influences are

( ..
4l
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essentially unsubstantiated. It is further suggested by the work of

Nachbar on pure ammonium perch lorate (21) that, near their low

pressure deflagration limits, solid propellant systems may exhibit

changing pressure inden*es due to radiative heat loss. Hence, it

is possible that differences in iiWde:• due to fuel binder changes

might also resulL from 7onsequent changes in burning surface

emissivity.

7. Conclusions and Recommendations

It may he concluded from the previous results and discussion

that a practical apparatus for determination of subatmospheric

burning rates and low pressure deflagration limits has been develop-

ed. It has been found that the use of this essentially stagnant-

environment burner is unsatisfactory for photographic observation

of the burning surface (and probably for spectroscopic studies as

well). Therefore, extension of low pressure observations beyond

the measurement of burning rates would require a new burner arrange-

ment. It appears likely that the most promising new arrangement

would be one using a continuously-purged chimney-type burner

requiring a vacuum system and product gas st.rubber of high mass

flow capability.

In light of the current results, it appears that existent

theories of oxidizer partizle size effects on composite propellant

burning rate may not compieiLoly explain all the observed phenomena,

but that further vacuum burning rate data would help to clarify
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this question considerably. The burning rate particle size dependence

results of this study as well as the previous results of Bastress

suggest that explanations other than current concepts of mass

diffusion might be worth considering in an attempt to explain

oxidizer particle size effects in composite propellant combustion.

In this light, it is recommended that simplified theoretical models

of unsteady, step-wise fuel and oxidizer pyrolysis be investigated

and that thermal decomposition be carried out with regard to particle

size effects in pure ammonium perchlorate decomposition. Little

work of this sort has been done previously, and no previous attempt

at comprehensive treatment of such particle size effects has been

reported.

Since the measured low-pressure burning-rate pressure

indices of this study (for polysulfide and polybutadiene-acrylic

acid fuels) are notably different than thr'e observed at low

pressures with other fuels, it would appear valuable to extend low-

pressure burning rate studies to propellants using still different

fuel binders (e.g., polyurethane) and to attempt binder type-pressure

index correlations based on binder structure. Such extension might

give some insight into the chemical kinetic aspects of propellant

fuels since chemical kinetic effects are expected to predominate at

low combustion pressures.

4 Considering the possible importance of the white smoke

observed at low combustion pressures, it would appear that low

"1~
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pressure combustion may represent a different burning mechanism

regime than that of higher pressures. This is particularly possible

in the light of recent experiments at this laboratory involving so-

called "flameless combustion" at subatmospheric pressures (48). It

is recommended that a useful first step toward further understanding

of this possibility could be made by more careful chemical analysis

and investigation of both the white smoke observed and the gaseous

products of combustion formed during low pressure burning. This

should be carried out with respect for the fact that the observed

smoke may be solid ammonium chloride, condensed ammonium perchlorate

following sublimation, or a mixture of the two. The possibility of

its being, at least in part, condensed ammonium perchlorate is

particularly interesting with respect to the combustion mechanism

implications of such a vapor pressure-controlled sublimation-

recondeasation process.

i
S. ............... ....
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APPENDIX A I
I. Background

Analysis and specification of the so-called "resolving power"

of optical systems is at best imperfect and rather arbitrary. Traditionally,

the resolving power of optical system components, eg., single or compound

lenses, films, etc., has been specifie) as the empirically-determined

ability of a component to image (or, to record, in photographic systems)

discrete lines of known spacing locates at the conjugate of the optical

system's focal 'plane. Typically this specification is determined even

at present by photographing test charts containing groups of black lines

on white or gray backgrounds with each grou'p having different line

spacings. Use of high resolution film allows lens resolving povet to

be determined as that line spacing (usually specified in lines per hm.)

which is Just distinguishable as individual lines by microdensitometer

measurements on a photographic negative. Similarly, use of high resolution

lenses has allowed determination of the resolving power of most films

4n terms of resolved line spacings.

Interest in lens resolution led to development of various types

of lens and film testing apparatus and techniques recommended and used

by individual photographic and optical laboratories and also by the U.S.

Bureau of Standards (A-2). No well-defined standard test configuration

has, however, been accepted as a standard for such resolution tests. The

A notable example, evidening the difficulties of this procedure, is

that of Kodak High Resolution Plate which has such high resolution that
currently only a lowo~r limit of its resolving power is quotable (A-I).

71...
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result has been that many film manufacturers, camera makers, etc. have

specified resolving power of components in terms of the spacing of lines

resolved but ty'pically in diverse optical photographic situations. See

References (A-3), (A-4), and (A-5) for examples of test results and

spec ificat ions.

One of the reasons for lack of a widely-accepted standard

resolution test is that the concept of specifying optical component

resolving power in terms of line spacing has long been a subject of

controversy. It is clear that measured optical resolving power as em-

pirically-determined from images of spaced line groups is neither an

absolute measure nor an incontrovertible specification of the capability

of an optical system to provide "usable" image detail. The measured

resolving power of a lens has long been known to depend rather profoundly

upon position of the resolution line chart in the optical system field

of view, test chart contrast, lighting, line separation (at a given

spacing), test chart-to-lens distance, lens apersture, relative lens and

film resolving powers, film type and processing, and other factors.

It has always been clear that, though test method statndardi-

zation allows relative resolution rating and specifications by comparison,

it is sot by any means an "absolute" or ,ven well-defined measure of

1"useful" optical component resolving power.

¶e |

"1.n fact, even the concept of resolution specification via line spacing
is quite arbitrary considering, fozr eza le, the equally-valid use of--
resolved sepration of poiat sources of libht comma in telescopic or
•iffraction-li,,ited optical systems (a procedure which in most cases
does not give resolving power specifications which are simply relatable
to corresponding line otpacing resolving power measurements).

____ ____ ____ ____ ___
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In recent years, the desire for a more rational and less

arbitrary measure of optical resolvinb power has led to the introduction

of new concepts in optical system resolution analysis. New terms such

as "point- and line-spread function", "modulation transfer function",

"sine wave response", etc. have entered the optical engineers' and

photographers' vocabularies. Reference to these terms has largely

supplanted reference to optical resolution in terms of "resolved" line

spacings.

A new technique for measuring and specifying film and lens

resolving power has now become established enough to warrant its use in

film resolution specifications by the largest film manufacturer in the

United States (though such specifications are not readily available from

other manufacturers).1 At least until recently, however, only one lens

manufacturer routinely tests by this method and makes such test results

2public . Consequently, the new technique is of limited practical benefit

to the photographer, engineer, or scientist. The new concept involved

is typically referred to as measuring the "sine wave response" or

4%modulairon transfer function" (terms adopted from control theory) of a

Ins, film, processing procedure, or complete optical system and photo-

graphic process. both the concept and its details have been discussed,

revioved. and developed rather extensively in the photographic and optical

literature.. It provides a more satisfactory approach to questions of

Leferece A4

-Uthvallenged statemsnt by Schneider representative at a Society of
Photographic and Instrmntation Engineers meting.
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optical resolution only at the expense of: first, greater complexity of

optical component description, and, second, information inputs corres-

ponding to specific optical components. Thus, the "modulation transfer

function" approach is not amenable to general studies aimed at outlining

trends and optimum configurations for a desired photographic instrumen-

tation task. For these reasons, no further review of discussion of this

resolution analysis approach is presented here. Some references on the

concept and techniques of the approach are noted in the accompanying

partial bibliography ((A-7) to (A-0)).

i

A
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II. Analysis

A. Introduction

The complexity and lac.ý of generality of the intellectually-

pleasing (but relatively intractible) "modulation transfer function"

approach to opt.Lcal system resolution analysis appeared of little value

for the design pr:•,inrn inherent in solid propellant surface photography.

On the contrary, it appeared reasonable (for preliminary design purposes)

to investigate the influence of optical system parameters on resolution

via the old (and admittedly imperfect) notions of resolving power and

"depth-of-field" in terms of resolved line spacings,"circles of con-

fusion", etc.

The envisioned purpose of this enalysis was to attempt to

determine:

(i) the feasibility of fine detail observations on a
solid propellant burning surface, and

(ii) the extent of necessary trade-offs in resolution
vs. depth of field as applied to solid pripellant
burning surface observations.

The analysis was carried out consistent with the concept of a photo-

optical transformation (by an imperfect optical system) of infinitesimal

light sources (at arbitrary locations iv the object space) to areas of

finite dimension in the image plane. After transformation back to the

object space via a fittitiousperfect optical system, the scale of ouch

a finite area then corresponds to a miniu•m resolved object scale.

Mathematical relations involving these point-source image

I .
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scales include the specification (via several different conceptual routes)

of contribution, to image degradation from several different sources,

Diffraction effects are specified by reference to the well-known

Fraunhofer diffraction pattern (dealing wfth Circular diffraction patterns

in the image plane and point light sources in the objec. plane (A-11)).

The effects of film and optical component aberrations are specified to- [

gether in the analysis as of a scale equal to the inverse of a resolving

power specified i,, terms of a "resoLed" line spacing. Geometrical

optics depth-of-field effects are specified by a characteristic dimension

equal to the diameter of the circular intersection of the image plane

and a paraxial, conical bundle of light rays from a point source in

the object space. These various scales of image degradation Rre, in

this analysis, added together to specify an overall, combined scale

of resolution as a function of object displacement from the plane of

perfect focusI. It must be noted that these individual contributions

are from sources of different natures and should, therefore, be

viewed cautiously as approximate dimensional scales (in numerical

results) rather than as absolute, well-defined, physically-significant

dimensions.

1Alternative approaches might involve a combined scale equal to the square
root of the sum of squares of these various dimensional scales, or, more
complicated yet, an attempt to inject radiant energy flux distributions
from, for example, the Fraunhofer diffraction pattern. Such more compli-
cated approaches were deemed unjustifiable in light of the preliminary,
approximate nature of the desired analysis.
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Another cause for caution in interpreting the numerical results

the following analysis is the jack of a clear-cut and usable definition

of just wha. constitutes "resolution" in a practical sense (say, that

of observing individual oxidizer particles in detail). it is well-

knoi, that an individual object can be sensed visually, for example,

without sufficient detail being observed to allow actual identification

of ti,e object. Identification of details in optical images depends on

a complex interplay between factors characteristic of both the optical

system employed and the nature of the object viewed (e.g., object

geometry, brightness, and contrast). Individually, these factors are

incompletely understood, and together they form the subject of "object

recognition", an active area of current research effort. Typical of

analysis involving such complexity, the following one presumes a limiting

case, i.e., it is assumed arbitrarily that an object of dimension

smaller than that corresponding to the dimensional scale of the image

of a point source cannot be considered as "resolved". In rather abrupt

and arbitrary contrast, the analysis further presumes that objects

larger than this scale can be observed in some detail, and, hence,

considered "resolved". Thus, the analysis employs an artificially

well-defined dividing line between "resolved" and "unresolved" object

scales. Nonetheless, this arbitrary dividing line is of some usu for

qualitative, parametric studies and of some promise for useful order-

of-mdgnitude quantitative results.

.4,'-
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B. Derivation

1. Characterization of Film-Optical Aberration Effects

Let: dFo C

LF-O

where C is a constant of proportionality. Assuming, for simplicity,

that CF_0 1 then:
d = 1 [A-I.lJ
F-0 LF-O

2. Characterization of Diffractive Effects

Considering diffraction by a circular aperture via the Fraun-

hofer diffraction pattern approach (A-11):

d 0 61xo M 0.61A M [A-2.11
D 0 -1I a

SIN[TAN' -
2X1

Since typically: a < < 1 then: SIN[TAN 2X- [AI22]

Ao 2XX 2X

Therefore: dD Z 0.61v "- = 0.6lg -06-

d 2 1.22aF (A-2.3]

3. Characterization of Geometric Effects

From geometric optics, for .-- . •- 1 ;(TAN• ' 2X( 2X2 2XI

-~~~~~ TA 1- )X In o aaia as(.TAN•• and for paraxial rays (A-'I.):

X2 2

d XI

1  ad[A-3.1I

"GX1
Gi

*1
i ' " ••' • -N
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Letting: A 1 + A2

Then: A dGXl 1 1

G C

But: X and F'; 2 [A-3.21

;dF 2
Then: A 2 1-(dG/aM) 2

2dGF
Therefore: M (A-3.31

2.dM2A Gor a a

or: d - for: 2"1; c' - • 1 [A-3.41
G 2F aM 2X 2

4. Combined Characterization of All Image-Degrading Effects

Clearly: d -L (d , d , d)
G ~ F-0OD)I

For simplicity, consider a linear combination of effects:

d a aGcG + a¥.0d.0 + aDdD (A-4.11

where the coefficients aG , aF. , aD represent the relative contri-

butions-to image degradation by the three assumed sources and are

assumed to be constants.

d a

Let: d = - I.

Substituting from [A-1.2], [A-2.31 , and (A-3.41 into [A-4.21:

d ( + 1.22)Ja + )/M[4,2]

2F- D:• +.,,j
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1(_ aD aF -01
or: 1. (.!i l22XF- R~ [...)2 A-4.31aG G aG IF-0UM

A can now be assumed equivalent to D , the axial object-space distance

from the plane of perfect focus over which detail of scale dM can be

resolved. Twice this distance, 2D , then describes the total object

space distance over which dM ks resolved. (The symbol 2D is retained

rather than being redefined in order to accent the displacement notion

involved).

-)( 2F-• 0 D 2F 2 - aF-0 2 11 [A-4.4o

Therefore: 2D ( (1t"- 0.612(- G-(
G aG aG 'of

It is notable that the effect of the terms correspodIing to optical

aberrations (and film effects) and diffraction e.fects has been to

decrease the effective "depth-of-field", 2D , (over which dM is re-

solved), to less than that predicted on a geometric optics basis alone.

It is further noteworthy that, excepting the term resulting

from film-optical aberration effects, 2D in Equation (A-4.4] depends

only on the parameters F and M via their ratio F/M . The contri-

bution of the film-optical aberration term is seen to depend also on

NLP. 0  but not on r' alone. HIeiwe, a natural choice of variables for

the 2D vs. dM relation is F/H (or 27/N) and HLL.0  (rather than

F ,M ,and L. ndividually).

The cheice of 21/M as a variable is especially attractive

since, for large dM (relative to Z dD and d-- 0 2D
G

• .m';I
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approaches 2_F! , and hence, 2 D(dM) depends it the limit only on
M aG

the ratio 2F/M'. Thus, the expression:

2 FdM o
2D - jaG 2 Dlt [A-4.5)

expresses the ultimate maximum object distance, 2D , over which d

may be resolved at a given value of 2F/M and is the asymptote of any

other, more complete expression for 2D(dM) accounting for other types

of image degradation. Equation [A-4.51 is represented graphically in

Figure A-I for several values of 2F/M.

Considering next the effect of the diffraction term,
a)D 2F 2

0.61 in Equation [A-4.4], it is clear that another, lesser

limit on 2 D(dH) is imposed if diffraction is considered. This limit,

though lower than that expressed by Equation (A-4.51, still depends only

on the variable 2F/M . Thus, a single curve (below that representing

Equation [A-4.51) appears for each value of 2F/M on the 2D vs. dM

plane corresponding to:
2Fd aD 271

2D -- - -a(-)k' i 2D [
2Dm 0.61 ao K ult [A-4.61

Several curves representing this lin~it are shown in.Figure A-2.

Finally, the effects of film-optical aberrations enter into

Equation [A-4.4) decreasing 2 D(dM) even farther. Since it has been

iThis obviously corresponds physically to the predominance of geometric
Image degradation (in the normal photographic "depth-of-field" sense)
over diffractive and film-optical aberrition effects.

I.
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assumed here that these effects are characterized by a constant scale

at the image plane, dF.O , the object scale to which they correspond,

/M (or I/MLF.O) introduces a dependence of 2D(d ) on HLF- 0  (in

addition to its previously-discussed dependence on the ratio 2F/H).

Thus, for a given value of 2F/H , different values of MLF-O (and

therefore, of F ) result in a family of curves in the 2D vs. dw plane,

each curve lower than that expressed by Equation [A-4.61 (and by Equation

[A-4.51, of course). Several curves of these families representing the

complete relation [A-4.41 are shoyn in Figure A-3.

An upper limit on 2D(dM) clearly exists for given values of

1 aD a- 00 a., since, maximizing 2D with respect to 2F/N

and taking the limit as H approaches ao :

2
,aD 2

l1r 2D,(•F)J) z" 2Dt [A-4.7)

Equation (A-4.7) appears in Figure A-3 as the singular solution M.'Fado

and is further shown numerically in Figure A-4 where 2Dut./dM iss

plotted versus dM with X as a parameter. o

Further, as might be expected from the linear image degradation

model employed here and from the vertical asymptotes of Figure A-2, a

minimum dM is indicated for 2D approaching zero:

lim ( d4M) 0.0a6 ~ ~ X + N ~ ~ d (A-4. 81

2D-. 0
al Z -

dr d )%+a -0
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(dM)min. is shown numerically versus 2F/M in Figure A-5 for the case:
aD aF-O I

aG - 1 , a - F- . I , and .A - 0.5554 with - as a parameter.
aG aG MLFO-

C. Results

The results of the preceding analysis are essentially represent-

ed in Figure A-3. This figure represents the effects of limited variations

in F/M and ML1_0  (for a typical value of ,, as well as for assumed

values of a G ' and aFO of unity). The figure graphicallyvales ' G , n G

portrays several pertinent aspects of the photomnacrographic resolution -

c "depth-of-f ilId" problem.

From Figure A-3, it is obvious that diffraction and film-

optical aberration effects result in a serious decrement in the extent.

of the object space within which small particles can be expected to be

resolved, i.e., classical calculations can be.expected to overestimate

"depth-of-field" considerably at resolution scales on the order of typi-

cal small solid propellant, oxidiser sizes (5 to 50 microns). in fact,

the steep approaches of the c•urves of Figure A-6 to D * 0 at a finite

-d indicate a finite resolution limit due to diffraction and film-

optical aberration effects.

The particular chars-terisation of these effects which were

employed in the analytical treatment may, in their necessary simplicity,

be izsufficiently realistic due to the sensitivity implied by the steep

approach to D - 0 at finite dM It is, for puample, quite possible

that a root mean square addition of these influences (rather than the
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linear combination of Equation [A-4.1)) would result in appreciably

different limiting values for d. (and therefore, for 2 D(dM) near

these limits). Similarly, an attempt to deal in greater detail (and

with considerably greater analytical complexity) with the actual spatial

distributions of radiant energy flux resulting from these effects (by

adding image degradation contributions differentially and integrating

spatially) would probably give somewhat different results. A finite

resolution limit would nonetheless still be observed to result from any

such analytical approach.

As sensitive as the numerical results of Figure A-3 may appear

to be to effects which were but crudely approximated in the analysis, it

must be allowed that these predicted relations are quite likely opti-

mistic; real systems with corresponding nominal values of the various

parameters dealt with in this analysis are quite likely to exhibit less

resolution than the numerical results of the analysis indicate. Opti-

mistic results are, however, quite within the spirit of the analysis,

in that trends and, in an order-of-magnitude sense, the numerical values

still have use in attempting to judge photographic concept feasibility

and in the early stages of system design.

With the preliminary optical system design purpose of the

analysis in raind, it is useful to consider typical orders of magnitude

of the various parameters and variables which are pertinent to the

resolution vs. "aepth-of-field" prob 1..

The nunerical calculations expressed by Figures A-2, A-3, and

Ix
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a D

A-5 were carried out for values of X -0.555 microns and aG a and

aFO G

. I . The value of X chosen is reasonable since visible light
aG

photograp~hy is much easier experimentally (focussing, etc.),since visible

light optics and films are readily -mailable in great variety, 
and since

typical light sources are of color temperatures giving 
reasonable effi-

ciencies in the visible light spectraum. Values of the combining parameters

a. a70O

aG97- , and -o were chosen as unity due to lack of a better value

addue to the presumptionl that within the usable range of 
operating

situations the details of image degradation effects are 
relatively un-

important. This r..esumption could only be validated by an experimental

or analytical stuady well beyond the scope justifiable by the purpose of

this analysis.J

A typical value of the combined film-optical system aberration

scale parameter, LF-0 ,was chosen as an example for Figure A-3. This

value represents a likely upper limit of practically attainable systems.

jit night be viewed, for example, as resulting fro, a linear combination

of scales:

*d + 1-

Where the optical and filIs effects are now separated. I ta Ces. terms,

Ly 100 lineom. is rationaliczable based an a typical fine-grain

pbotogtaphic amusiLou i 140 inses/rn.,. and a rather optimistic high-

quality photographic lens specificatioo, Lo 350 liaes/rn.

Typical usable values of IF and N are somewhat'less clearly

2 Kodak ?anuatomic-X (Reference &-I )
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indicated. Usable focal length photographic lenses of !-igh resolution

are of apertures such that, generally, 5 < F Z 100. A reasonable

minimum approach distance to a burning propellant sample, say, 2"< X

requires that f > 2". A reasonable maximum optical system length is

X1 + X2 - 200".1 Then, (M)maximum = x2/f = 200"/2" - 100. Since N 1 1

is a reasonable lower limit on M , then, with F - (M+I/N)F' , 10< F<100.

Thus, reasonable values for F/M are: 0.10< F/M < 100. It is clear,

however, that if several oxidizer particles are to he viewed on a burning

surface:
2D 2F

1 to 10<3- T

and, therefore
F

0.5 to F

Actually, the approximations of the preceding first-order analysis required

that 4--- 1 and, therefore, that 2F/N :*1 . This requirement,

therefore, implies that 2F/M 1 10 or F/H n 5 which thereby places

a minimu value requirement (for the purposes of this analysis) on F/M

*wich, though slightly higher than that deduced on the preceding grounds

is not so far above the reasonable 2 D/dN > 0.5 to 5.0 requirement as

to provide a major problem in a discussion of trends and orders-of-magnitude.

In stumary, therefore, reasonable, -attainable (thou&h set.iat

optimistic) valuies of the various optical system parameters are:

0 .0555 icrsm(based on operational ease, less and light
source specifications, and visual focussing
requirments)

it nut be allowed, however, chat this is not a serious or fundoantal
limit and may be exceeded in design.

I.
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G aG G- - 1 (as a reasonable, though uncertain approximation)

LF_0 = 100 lines/mm. (based on typical high-resolution
lens and film resolving powers)

and: 5 F /M/I 4! 100 (maximum: based on a reasonable approach distance
to sample)

or: 10 2 '/M *, 200 (minimum: based on a required resolution of at

least several particles)

Viewing the numerical results of the preceding first-order

analysis with respect to these values of parameters and variables, then.,

it becomes apparent that useful burning surface photographs of solid pro-

pellent samples are probably feasible. Hopes for detailed views of

more than a few individual small oxidizer particles are, however, unsup-

ported. Clearly, it is unlikely that more than one or two particles of

scale 10 microns or less can be viewed at a given time, but that an

appreciably large field, say, 10 particles in depth can be viewed if ttle

minimum particle size of interest is larger, say, 20 to 50 microns.

With these magnitudes in mind the optical system described in

Chapter Two was assembled. Its final desigt and the lighting used with

it would be predicted on the basis of the foregoing analysis to be

approxiwately represented by the 2D- plots shown in Figure A-6.

4d
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NOMENCLATURE

d = dimensional-image-plane scale of the distance between two point
source objects just resolved despite diffraction at a circular
aperture.

d - dimensional image-plane scale (of a point source object) due
to the combined effects of optical system image degradation
(chromatic, spherical aberrations, etc.) and film resolution
(due to emulsion thickness and granularity, etc.)

d = dimensional image-plane scale (of a point source object) due to
geometrical cptics effects of an object location displaced from

the plane of perfect focus (conjugate of the photographic film
plane)

d = total dimensional image-plane scale (of a point source object)
due to all causes of image degradationL

d = minimum dimensional scale of "resolved" object detail

D = axial distance (over which DM is "resolved") on either side
of the plane of perfect focus

nominal optical system magnification image scale at film plane,

object scale at plane of
perfect focus

A = object displacement from the plane of perfect focus (L' = dis-Z
placement toward lens; A1 = displacement away from lens)

f = effective focal length of "ntical system

a - diameter of effective aperture of optical system

1
X = axial distance from object plane to lens

X 1X = axial distance from lens to image plane1

F nominal optical system F-stop ( - "a

F = effective optical system F-stop ( = F'(M+I))

N fi.numerical aperfure" of optical system ( IN 2-l)X
SIN (27-

It iý; presumed that all complex optical systems can be considered as

equivalent in these terms to a single, simple lens system.



A-19

n -- index of refraction of object and image spaces

X0 wavelength of light in vacuo

Xn wavelength of light in object and image spaces
LF_0 = minimum line spacing of "resolved" image (in the traditional

resolution chart sense) after film and optical image degradation

but excluding diffraction effects.

/I

F..

II
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FIGURE I 4
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SURFACE OF POLYESTER-STYRENE PROPELLANT
PHOTOGRAPHED WHILE BURNING (I atm. press. in Nz)

20x MAGNIFICATION AS SHOWN

FR

S~FIGURE 2 -
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FIGURE 3
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a (55,t)(REF.9)

0 25% POLYBUTADIENE - ACRYLIC ACID -A.P. (1I88p)

.200 - - _ _ _ _ _

U)A

U)

.080

.060 - _ _

zý .040

.020e

.010E
2 4 6 10 20 40 60 80100

PRESSURE (PSIA)

LOW PRESSURE BURNING RATES OF SEVERAL COMPOSITE
SOLID PROPELLANTS OF NARROW, UNIMODAL

PARTICLE SIZE DISTRIBUTIONS

FIGURE 10



SURFACE OF POLYSULFIDE -AMMONIUM
PERCHLORATE PROPELLANT BURNING

AT 20 psig
(49 X MAGNIFICATION AS SHOWN)

FIGURE I I
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SURFACE OF POLYSULFIDE -AMMONIUM
PERCHLORATE PROPELLANT BURNING

AT 100 psig
(49X MAGNIFICATION AS SHOWN)

FIGURE 12
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BELL COVER
WITH WINDOW

STOPWATCH
PROPELLANTSAMPLE •

IST
- OBJECT ..

PLANE
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' SCALE

OBJECTIVE FRONT SURFACE MIRROR
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FILM PLANE (I.2X IMAGING OF
PROPELLANT SAMPLE 8 GRID SCALE)

PHOTOGRAPHIC BURNING RATE MEASUREMENT
t,4 OPTICAL SYSTEM

FIGURE 22
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TYPICAL FILM RECORD USED FOR PROPELLANT
BURNING RATE DETERMINATION

(STOPWATCH FACE REVERSED DUE TO OPTICS)

FIGURE 23


